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ABSTRACT

The purpose of this work is to develop a bainitic heat treatment procedure
for wear reduction in a medium carbon steel and compare the efficiency of this heat
treatment with gas nitriding or electrochemical boriding surface treatments.
Heat treatments were conducted on AISI 1045 steel blocks taken from an
automotive component, namely an overrunning alternator decoupler (OAD) pulley
bore using an induction heater. The samples were quenched in different quenching
media of oil, melt salt and water. The hardness and microstructural transformation
results were represented with cooling curves superimposed on the Continuous
Cooling Transformation (CCT) diagram of the 1045 steel. The heat treated results
indicate 820 °C induction heating for 2 minutes followed by 160 °C oil quenching
for 15 seconds resulted in the lower bainitic and martensitic structures and the
highest bainite percentage (~19.5 %). The sliding wear test was conducted with
block-on-ring tribometer under dry, lubricated and humidity conditions. Volumetric
wear loss was measured and calculated at different sliding distances. The
relationship between the volumetric loss and working conditions showed that
induction hardened steel followed by 160 °C oil quenching resulted in the lowest
wear rate in both dry and lubricated condition due to the higher hardness and
toughness of bainitic and martensitic structures compared to the untreated, nitrided
and borided 1045 steel. In addition, it was found that the gas nitriding process
produced the lowest surface roughness (0.35 - 0.37 μm) and the electrochemical
boriding process produced the highest surface microhardness (1100 - 1300HV). The
boric acid film was formed on the surface of borided steel after the SAP process
(annealing at 750 °C followed by cooling in 40 % RH environment). It can be
considered as a self-lubricated film to make the surface withstand sliding wear
damage.
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CHAPTER 1
INTRODUCTION
As automotive industry’s growing demand for better materials used in transmission
applications, the carbon steels have been developed for better mechanical properties such
as higher strength, more ductility etc. [1]. Based on the carbon percentages, there are three
categories are divided from carbon steel used in automotive industry: low carbon (C <
0.3%), medium carbon (0.3% < C < 0.6%) and high carbon steel (C > 0.6%). Medium
carbon steels are capable of being heat treating to improve the mechanical properties such
as ductility, toughness, strength, hardness and tensile strength to meet a particular design
purpose. Also the microstructures can be refined by quenching or tempering for developed
toughness with good strength [1]. The components produced by the medium carbon steel
such as cylinders, fly-wheels, crankshafts, gears, and camshafts due to the ductility and
increased strength as well as improved tribological performance [2].
1.1 Motivation
AISI 1045 steel is a steel grade used for the body of overrunning alternator
decoupler (OAD) pulley bore, which is a unique engine belt drive tuning device. AISI 1045
steel is preferred because of its global availability, ease of machinability and its ability to
be flame or hot rolled or induction hardened condition to increase the hardness and wear
resistance. However, in the automotive application, the sliding motion may occur between
the two components produced by medium carbon 1045 steel and the ASTM A228 high
carbon steel. ASTM A228 steel is most commonly used in a wide range of applications in
terms of extension, helical compression and torsion springs, particularly in the finer wire
diameters due to its ability to withstand high stresses under repeated loadings, high tensile
strength, high hardness and elastic limit among wrought carbon steels. It is found that the
ASTM A228 steel exhibits better wear performance and higher harness that lead to longer
service life in the automotive application compared to AISI 1045 steel. Therefore, study is
required to improve the ability of the 1045 steel to withstand sliding wear for matching the
performance requirements of the surface properties in the automotive industry. It is
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important to give the desired surface treatment procedures on the 1045 steel to improve the
mechanical and tribological properties.
Currently, gas nitriding [3] is being applied to medium carbon steel to increase its
wear resistance in this application. The process of gas nitriding is achieved by saturating
the steel parts surface with available nitrogen (free nitrogen atoms) at the nitriding
temperature. However, the industrial application of the gas nitriding process requires an
additional handling and processing step which adds cost and time to the manufacturing
process. Thus the development of a more cost-effective process for hardening the surface
of 1045 steel particularly a bainitic heat treatment was envisaged.
The objective of heat treating 1045 carbon steel is to change the mechanical
properties of steel, namely to increase its hardness, yield strength, without reducing its
impact resistance and ductility. Induction surface hardening is a typical heat treatment
method where only selected part or a working surface layer of the steel element is heated
inductively and then immediately cooled by merging into a quenching medium, while the
remaining parts of steel are practically not treated. The possible microstructures include
lamellar pearlite, bainite, retained austenite and martensite phases can be obtained by
induction hardened steel. Steels with pearlite offer high ductility but its strength is too low
for some applications; steels with martensite offer good strength and hardness but tend to
be too brittle. The steels with bainite can offer both the advantages of pearlite and
martensite, in terms of higher strength, better ductility, good corrosion resistance, superior
wear resistance, higher impact toughness, longer fatigue life, etc. The induction hardened
steel can be introduced to improve the mechanical hardness, as well as wear resistance as
required for particular applications with a combination of refined microstructures [4-5].
In addition, the thermochemical diffusion process called electrochemical boriding,
which is similar to the gas nitriding process that is used to harden the surface of steel, has
aroused a lot of interest according to numerous studies. The boride layer that is formed on
the top surface due to the diffused boron atoms into the surface enhances the surface
properties such as hardness and wear resistance of steel. Therefore, three surface
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treatments, gas nitriding, electrochemical boriding and heat treated bainitic process will be
applied to the 1045 steel to make the comparison of hardness and wear performance.
1.2 Research scope
The methodology of this study comprises of developing a bainitic transformed 1045
steel. The mechanical properties of the samples with different bainite percentages were
measured and the heat treatment procedure that provided a high hardness along with good
resistance to crack formation during the quenching stage of the heat treatment was selected
for sample preparation used in tribological tests. These tests were conducted using a blockon ring tribometer under dry and lubricated sliding conditions and the results were
compared with the same grade of steel subjected to the boronizing and gas nitriding
treatments.
The study begins with a critical assessment of the literature review on carbon steel,
induction hardening, microstructures transformed and sliding wear of steels. Chapter 2,
describes the general understanding of the mechanism and transformation during heat
treatment and wear mechanisms of steel including influences of temperature and
environment. The principles of electrochemical boriding (boronizing) process were
summarized as well.
The

induction

hardening

and

sliding

wear

experiments

and

detailed

characterization procedures carried out thereafter to understand the mechanisms of wear in
various bainitic and martensitic structures are described in Chapter 3. The results of the
induction hardening followed by three different quenching media are presented in Chapter
4. In this chapter, the Continuous cooling transformation diagrams(CCT) diagram of 1045
steel is combined with continuous cooling curves along with surface hardness and the
microstructures of steel. Chapter 5 discusses the results of the sliding wear experiments
performed to investigate the tribolayer formation and wear mechanisms. The conclusions
and recommendations for future work are presented in Chapter 6 and Chapter 7,
respectively.
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CHAPTER 2
LITERATURE SURVEY
2.1 Carbon steel
2.1.1 Definition and classification of carbon steel
Carbon steel can be classified into three categories according to its carbon content:
low-carbon steel (or mild-carbon steel), medium-carbon steel and high-carbon steel [6].
Their carbon content and properties compare as follows [7-11]:


Low-carbon steels that contain up to 0.30% C are usually relatively soft and have
low strength. However, they have high ductility, making them excellent for
machining, welding and low cost applications, and the hardness of the metal’s
surface can be improved by carburizing, a heat-treatment process. They cannot be
hardened by martensitic phase transformation but this is usually achieved by cold
work. Low carbon steel is usually made into flat-rolled sheets and strips, used for
shipbuilding, wire, vehicle bodies and domestic appliances. It’s widely used for
fabrication and paneling because it can’t be altered by heat treatment. Carbon steel
with the lowest possible amount of carbon is called ‘wrought iron’, used for
fencing, gates and railings, hard but not brittle.



Medium-carbon steels are similar to low-carbon steels except that the carbon
ranges from 0.30 to 0.60% and the manganese from 0.60 to 1.65%. Increasing the
carbon content to approximately 0.5% with an accompanying increase in
manganese allows medium carbon steels to be improved via heat treatment
involving austenitizing followed by quenching and tempering, giving them bainitic
and martensitic microstructures. The uses of medium carbon-manganese steels
include shafts, axles, gears, crankshafts, rails, couplings and forgings.



High-carbon steels also called tool steel, contain from 0.60 to 1.25% C with
manganese contents ranging from 0.30 to 0.90%. They have the highest hardness
and toughness of the carbon steels and the lowest ductility. High-carbon steels are
very wear-resistant as a result of the fact that they are almost always hardened and
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tempered. High carbon steel has a much better tensile strength, used to make cutting
tools, blades, punches, dies, springs and high-strength wire.


Ultrahigh-carbon steels are experimental alloys containing 1.25 to 2.0% C. These
steels are thermomechanically processed to produce microstructures that consist of
ultrafine, equiaxed grains of spherical, discontinuous proeutectoid carbide
particles.
In addition, based on the iron-carbon phase diagram relevant to steels has a

eutectoid point at 0.77% carbon content, and the steels are also classified by carbon content
as hypoeutectoid (less than 0.77 wt% C) steel, eutectoid steel and hypereutectoid (more
than 0.77 wt% C) steel. Their microstructures are different due to the difference in carbon
content. Eutectoid steel consists of just the lamellar-pearlitic structure whereas
hypoeutectoid steel has additionally ferrite, and hypereutectoid steel contains small grains
(larger than the pearlite lamella) of cementite [6].
2.1.2 Carbon steel in automotive
The steels used in automotive applications should be easy to machine and wear
resistant at the same time. To some extent these two requirements contradict each other
thus a machinable steel will be selected and then hardened or surface treated to achieve the
wear resistance required. In addition to these two requirements, dimensional changes
should not exceed the design tolerances after treatment [12]. Accordingly, medium carbon
steel used in the overrunning alternator decoupler studied in this work was selected for its
global availability, machinability and its ability to be flame or induction hardened in the
normalized or hot rolled condition to improve the surface hardness and wear resistance.

2.2 Wear in the transmission system of automotive
2.2.1 Overrunning alternator decoupler OAD in engine belt drive system
In modern internal combustion engines, the mechanical power is transmitted by the
belt drive system, which consists of the assembly of one or more belt(s) with pulleys that
5

transmit mechanical power to accessories such as alternators, pumps, tensioner, etc.
Technically the rotor of alternator has been mechanically linked together with the driving
belt; which turns the alternator pulley and the rotor is bolted directly to the pulley.

Figure 2.1. Schematic diagram of a typical OAD highlighting the major components
including the bearing, pulley, clutch assembly, spring, thrust washer and bushing. Courtesy
of Litens Automotive Group, Toronto, Ontario Canada.
The overrunning alternator decoupler (OAD) is a drive tuning device in an engine
belt drive system that enables one direction rotation of the alternator. The OAD sits on the
end of an alternator as a drive pulley, which fits on the rotor shaft. It will drive the alternator
via the belt, freewheeling the alternator during engine deceleration. As shown in Figure
2.1, the OAD has a traditional drive belt pulley on the outside, but inside it has a one-way
clutch and an absorber spring. A one-way clutch is often called an overrunning clutch,
which locks up in one direction and freewheels in the opposite direction. Thus, the OAD’s
overrunning clutch locks up in the direction of normal alternator rotation, enabling the
drive belt to spin the rotor. It also lets the rotor freewheel during sudden engine deceleration
so the rotor will not drive the belt in the opposite direction. Freewheeling the rotor during
6

engine deceleration eliminates those belt-related issues such as slippage, wear and noise.
Besides addressing these drive belt symptoms, an OAD may also improve engine
efficiency.

2.2.2 Wear of OAD
Sliding wear is the progressive loss of material that results from two materials
sliding against each other at the contact area under load. Sliding motion between the inner
face of pulley bore and the clutch wire in OAD may cause severe mechanical wear and
material transfer at the contact surfaces as shown in Figure 2.2, which may lead to reduced
production efficiency, machine performance or even damage to the machine. For example,
if the one-way clutch fails, the alternator pulley will freewheel in both directions,
accompanying a no-charge condition and a dead battery.

(a)

(b)

Figure 2.2 Components of OAD, (a) pulley bore (Inner face made of medium carbon AISI
1045 steel), (b) clutch assembly (Clutch wire made of high carbon ASTM A228 steel).
The wear behaviour of steel is related to its microstructure, hardness and
mechanical properties. While the pulley bore is made of medium carbon steel (AISI 1045
steel), and the clutch wire is made of high carbon steel (ASTM A228). According to the
introduction in 2.1.1, the steel that contains higher percentage of carbon leads to better
wear resistance and higher hardness compared with the medium carbon steel. In order to
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improve the surface hardness and wear resistance of the pulley bore, different protective
coatings and surface treatments are used in the AISI 1045 steel. Since the material surface
controls the service life in many applications, a push for a more robust solution for
increasing the surface properties while reducing the processing time would give automotive
manufacturers an opportunity to reduce costs and production time.
2.2.3 Wear of 1045 steel
As AISI 1045 steel is commonly used in different industrial applications because
of the wide range of mechanical properties, its wear performance of the material is still a
unique challenge to be solved The wear mechanism of 1045 steel also involves adhesion,
oxidation, plastic flow of material, strain hardening, generation of surface, sub-surface
cracks and associated structural changes. The wear behaviour of 1045 steel was studied by
many researchers according to its microstructure, hardness and mechanical properties, and
a suitable surface modification is the main factor that contributes to improving tribological
properties [149].
Odusote et al [150] investigated the effect of different quenching media on the
mechanical properties of the medium carbon steel. The results indicated that water
quenching resulted in increased tensile strength (852 MPa) and hardness (38 HRC) in
comparison with the Palm oil (834 MPa and 34 HRC). Ikubanni et al [151] quenched the
medium carbon steel in used engine oil, pap water and coconut water for improving the
mechanical properties. It was observed that the surface hardness was greatly improved to
58 HRC by heating to 790° C and quenching in pap water, also the yield and ultimate
tensile strength was better than the steel in the normalized condition. Karimbaev et al. [152]
conducted the ultrasonic nanocrystal surface modification (UNSM) treatment on AISI
1045 steel in order to improve the tribological and mechanical characteristics, and the wear
rate showed a reduction of about 11%.
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2.3 Surface treatment for processing carbon steel
2.3.1 Gas nitriding
Nitriding is commonly used as a surface treatment to improve hardness, wear and
corrosion resistance. Nitriding is processed in three environments, gas, liquid and plasma
to produce a compound layer on top and diffusion zone beneath that. Currently gas nitriding
[3] is being applied to medium carbon steel to increase the wear resistance and hardness
because of the formation of nitride layers and the nitrogen following diffused into the
material [14]. Gas nitriding consists of saturating the steel parts surface with nitrogen (free
nitrogen atoms) at the nitriding temperature. The reaction of NH3 disassociates into
nitrogen (N) and hydrogen (H) happens when ammonia flows into the heated furnace:
2NH3 (g) → N2 (g) +3H2 (g).
The nitride layer and following diffusion zone was created by nitrogen diffusing
into the surface of the heated workpiece. Figure 2.3 shows the schematic cross-section of
nitrided region which consists of a compound layer (CL) on the top and a diffusion zone
(DZ) [15]. The compound layer is also called the white layer due to its color under the
microscope after polishing and etching. This layer consists normally of γ’ (Fe4N) and ε
(Fe2-3N) intermetallics (apart from nitrides of alloying elements). In the subsurface region,
the diffusion zone consists of needles of γ’-Fe4N and α-Fe, due to the long-distance
diffusion of nitrogen from the surface toward the core, which creates nitrogen gradients
and higher hardness. Improvement of the wear resistance and corrosion resistance are
generally owing to the compound layer, however, good fatigue resistance is ascribed to the
diffusion zone [16]. However, the industrial application of gas nitriding process requires
an additional handling and processing step which adds cost and time to the manufacturing
process.
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Figure 2.3 Schematic cross section of nitrided region of an iron-base ferritic
specimen/component showing the compound layer and the diffusion zone with their
(possible) constituents [15].
Applying nitriding process to the surface can both improve the hardness and the
smoothness to the surface which leads to the reduction of wear and friction. The
tribological behavior of nitrided steel was studied by various researchers who reported the
nitriding process could improve wear performance (Burakowskietal., 1987; Karamis, 1991;
and Bell and Sun, 1990). Podgornik et al. [153] observed that the nitriding process
conducted at 5400 °C and in nitrogen-rich environment (75%H2 - 25%N2 gas mixture) led
to the minors wear due to the improved substrate hardness and higher coating–substrate
adhesion [154].
Kato et al. [155] established the wear map of gas nitrided 905M39, BS970,
(EN41B) steel using a pin-on-disc tribometer under unlubricated conditions to determine
the main regimes of the wear mechanism as shown in Figure 2.4. Only two essential wear
regimes were identified, i.e. mild (oxidative) wear and severe(metallic) wear, and the mild
wear region toward higher loads and sliding speeds was also extended by the gas nitriding.
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Figure 2.4. Wear mechanism maps for gas nitride BS970,905M39 (EN41B) steel [155].

2.3.2 Boriding
Boriding is a thermochemical surface hardening method which can be applied to a
wide range of engineering components to improve their fatigue, corrosion, oxidation and
wear resistance [17-18]. The process entails diffusion of boron atoms into the lattice of the
parent metal and a hard interstitial boron compound is formed at the surface. The surface
boride may be in the form of either a single phase or a double phase boride layer.
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Figure 2.5 Schematic illustration of electrochemical cell included electric furnace, alumina
tube, SiC crucible, cathode, thermocouple with SiC tube shield, N2 purge line, water
cooled aluminum cap, aluminaplate, and DC power supply [23]

A schematic drawing of the electrochemical cell is given in Figure 2.5. The cell
consists of a SiC crucible containing molten electrolyte. All of the boriding processes
require high processing temperatures (typically 700 °C - 1000 °C). During electrochemical
boriding, boron atoms are extracted from the electrolyte and then deposited onto the surface
of steel substrates. Due to their small size and high mobility, these boron atoms diffuse into
substrates, and some of them react with substrate atoms and form iron borides.
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Figure 2.6 Schematic cross section of borided region of an iron-base ferritic
specimen/component showing the FeB/Fe2B and the diffusion zone with their (possible)
constituents [24].
The borided layer and following diffusion zone was created by boron atoms
diffusing into the surface of the heated workpiece. Figure 2.6 shows the schematic crosssection of borided region which consists of two types of iron borides based on the Fe-B
phase diagram (Figure 2.7) and diffusion zone [13]. The outer layer consists of FeB with
an orthorhombic crystal structure and the inner layer of Fe2B with characteristic saw-tooth
morphology having a tetragonal crystal structure. The dual-phase boride layers formed on
steel surfaces exhibit high hardness, high abrasive wear resistance and excellent corrosion
resistance [19]. The thickness of iron borides depends on the method of boriding treatment,
temperature and time of process and their morphology is influenced by the alloying
elements present in the substrate [20].
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Figure 2.7 Equibrium Iron-Boron phase diagram [13]
However, the higher boron content phase (FeB) means the surface was studied by
researchers and found not to be ideal for mechanical and tribological applications. First of
all, despite being very hard, the FeB top layer is very brittle. Furthermore, since FeB and
Fe2B borides have different coefficients of thermal expansion, cracks often form at the
FeB/Fe2B interface while cooling down after the boriding treatment, high tensile stresses
develop in the FeB phase while compressive stresses form in Fe2B [21].
The properties of iron boride layers are superior to those formed by nitriding and
carburizing, especially in terms of their extremely high hardness values (1600-2300 HV)
compared to 650-900 HV for nitriding and carburizing [22]. The ability to withstand the
main wear mechanisms such as adhesion, oxidation, abrasion, and surface fatigue was
greatly improved because of the combination of a high surface hardness and a low
14

coefficient of friction of a boride layer [36]. Ibrahim and Melih [29] investigated the effect
of the boriding process on the adhesion and wear properties of AISI H10 steel using a ballon-disc tribometer under unlubricated conditions. Compared to the non-borided steel, the
wear rate of the borided steel was found to be approximately five times lower attributed to
the improved high hardness and coating–substrate adhesion due to the introduction of
boriding process. Cárdenas et al. [36] conducted experiments on AISI H13 and D2 steels
with a reciprocating wear test machine under dry conditions, and the wear rate of borided
steels was found 13 times greater than that of the unborided surfaces. The wear mechanism
for the borided surface was identified with plastic deformation and mild abrasive wear. In
addition, cracking and spalling were observed on the unborided surfaces.
2.3.3 Heat treatment: Induction Hardening
The objective of heat treating 1045 carbon steel is to change its mechanical
properties, namely to increase its hardness, yield strength, without reducing its impact
resistance and ductility. Induction surface hardening is a typical heat treatment method
where only the selected part or a working surface layer of the steel element is heated
inductively and then immediately quenched by immersing it into a quenching medium,
while the remaining parts of steel are practically not treated. As a consequence, a thin
surface layer is obtained with improved values of hardness and microstructures [25-28].
There are two consecutive stages in the induction surface hardening process, i)
heating process: the hardened element is heated inductively in as short a time as possible
to the hardening temperature; ii) quenching process: the workpiece is immediately cooled
by immersing it in a suitable quenchant after a short break for switching off and removing
the inductor. The comparison of the cooling curves of various quenchants according to the
temperature against cooling rate is shown in Figure 2.8. Quenching is using to control the
cooling rate to obtain the desired microstructures and hardness [30]. The hardness and
hardenability are affected by a number of factors, for example the austenitized
microstructure and the cooling rate of the quenching medium. Also a complete
understanding of the quenching principles and the appropriate selection of a quenchant are
required in the heat treatment design.
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Figure 2.8 Effect of selected quenchants on the cooling curves of a 25.4 mm diameter steel
bar. All quenching flowing at 0.5 m/s [30]
The quenching process is consisted of three stages: the vapor blanket stage, the
boiling stage, and the convection stage.
1. The vapor blanket stage: when the heated samples are quenched from the
austenitizing temperature, a thin vapor pocket is created on the surface of the
sample due to the heat could easily evaporate the quenching medium. The
conduction and radiation through the vapor blanket becomes the dominate
mechanism of heat transfer owing to the poor conductivity of the vapor pocket. Not
all quenching medium, such as oil, cause vapor pocket.
2. The boiling stage: the quenchant is directly contacted with the surface of the
workpiece after the vapor pocket collapses, which results to the onset of boiling.
3. The convection stage: the surface temperature of the workpiece is reduced by the
continuous cooling to below the boiling temperature of the quenchant. The heat
convection between the quenchants and the surface of workpiece becomes the
dominate method of heat transfer. The cooling rate at this stage is the lowest due to
different cooling characteristics, various quenching mediums are used.
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The procedures of heat treatment are normally designed based on the Iron-Carbon
phase diagram [32] as shown in Figure 2.9, which provides the information about the
microstructures of steel under thermodynamic equilibrium conditions, for example, the
microstructures at the end of equilibrium cooling [31]. It is important to inductively heat
the sample to a temperature significantly higher than the traditional austenization
temperature Ac3 for completely austenization. The preferred bainitic and martensitic
microstructures are achieved by rapidly cooling (quenching) workpieces into various
quenching medium. Formation of the various metallographic microstructures are affected
by the different cooling rates.

Figure 2.9 Equibrium Iron-Carbon phase diagram [32]

Induction heating provides a method to precisely heat treat electrically conductive
materials. There is no contact between the material to be heat treated and the power source.
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The short heating period aids in austenite grain size control, resulting in improved
mechanical properties of the hardened component. There is minimal distortion and
decarburization as a result of the short time between heating and quenching. The induction
processing is ideal for axisymmetric parts however complex parts can also be heat treated.
Chemical composition changes are absent in the induction hardening process compared
with the other case hardening operations such as carburizing or nitriding [31].

2.4 Austenite transformations
In industrial application, equilibrium cooling is different from the cooling curves
used for heat treatments. At most, the equilibrium cooling can be generally assimilated
only at a very slow cooling in the furnace. The Fe-C phase diagram cannot be regarded to
predict the microstructures after the heat treatment when cooling curves are different from
equilibrium cooling.

Figure 2.10: The decomposition of austenite as a function of cooling rate [33]
Figure 2.10 [33] illustrates how cooling rates can be varied to obtain
microstructures. The two types of diagrams: the isothermal transformation diagrams (TTT)
and the continuous cooling diagrams (CCT) were established to predict the austenite
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transformations under conditions of non-equilibrium and the microstructure at the end of
the heat treatment in relation to cooling curves [34]. According to the cooling curve,
austenite can transform:


Structures known in typical Fe-C phase diagram: ferrite, pearlite, and cementite;



New structures are not present on the Fe-C phase diagram: bainite and martensite.

2.4.1 Time-Temperature-Transformation (TTT) Diagram
The austenitized steel cooled at a constant temperature below the austenite region
will transform to some transformation phases such as pearlite or bainite. This
transformation can be summarized by plotting the amount of austenite transformed against
the corresponding elapsed time at constant temperature. The information for a given steel
is provided by a series of such curves (each curve determined at a different temperature)
can be understood through a single diagram called a Time-Temperature-Transformation
(TTT) diagram, also called the Isothermal Transformation (IT) diagram.
Figure 2.11 shows a typical TTT diagram for a general hypoeutectoid steel (C <
0.77%), where A3 is the upper critical temperature (point), below which ferrite starts to
form as a result of ejection from austenite in the hypoeutectoid alloys; A1 is lower critical
temperature (point) of the austenite-to-pearlite eutectoid transformation. Below this
temperature austenite does not exist; Ms and Mf are the start and finish temperatures of the
transition from austenite to martensite. The TTT diagram can be thought of as a relationship
between specific microstructure which is defined by the cooling curve and constant
temperature and time. This allows estimates to be made regarding how the steel will
respond to any mode of cooling from austenite [33-34]. The position of the transformation
zone is defined by start and finish curves.
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Figure 2.11 Typical TTT curve for a generic hypoeutectoid steel (C < 0.77%) [34].
The upper critical temperature (point) A3 is the end temperature of austenite
transformation in the hypoeutectoid steel, all ferrite and pearlite in the hypoeutectoid steel
transform into austenite. The lower critical temperature (point) A1 is the temperature which
austenite begins to form in the eutectoid steel (including hypoeutectoid steel and
hypereutectoid steel). The specific temperature is 727°C and also called the eutectoid point.
As shown in Figure 2.11, the microstructures of four isothermal cooling curves on the TTT
diagram are consisted of:


At the end of T1: ferritic-pearlitic microstructure;



At the end of T2, bainitec microstructure;



At the end of T3, martensitic-bainitic microstructure;



At the end of T4, martensitic microstructure.

2.4.2 Continuous Cooling Transformation (CCT) Diagram
CCT diagram shows the microstructures transformed at different cooling rates.
They provide the information in selecting quenching medium with quick enough quenching
speeds resulted in the high cooling rates to form martensitic and bainitic microstructures.
The essential difference between TTT diagrams and CCT diagrams is that TTT diagrams
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examine the progress of transformation as a function of time, at a constant temperature,
whereas CCT diagrams at a changing temperature. In CCT diagrams, the transformations
of austenite are shifted to lower temperatures and longer times. The CCT diagrams allow
the prediction of microstructure and hardness, which is not possible using a TTT curve
[35,46].
Figure 2.12 illustrates the transformation during the continuous cooling of the
hypoeutectoid steel (C < 0.77%). The cooling curves are very different with related to the
isothermal cooling. The temperature changes continuously from the austenitization
temperature to room temperature, according to different cooling curves that become
increasingly abrupt [34]. The curves indicated with Vs and Vi, also in this case represent
two limit conditions: Vs is the slowest cooling rate that forms only the martensitic
microstructure; Vi is the fastest cooling rate that forms only ferrite and pearlite.
As shown in Figure 2.12, the microstructures of four isothermal cooling curves on
the CCT diagram are consisted of:


At the end of T1: ferrite, pearlite;



At the end of T2, ferrite, pearlite, bainite, and martensite;



At the end of T3, ferrite, bainite, and martensite;



At the end of T4, martensite.
According to the research, the addition of alloying elements including carbon,

results in a delay in the austenite transformation and an increase of the mean grain size. In
conclusion, the more the amount of alloying elements, the more moved down and right are
T.T.T. and C.C.T. diagrams, and allowing complete transformation to martensite at a lower
cooling rate. Similar effects are caused by increasing the austenitization time and the
austenitization temperature [34,47].
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Figure 2.12 Continuous Cooling Transformation (CCT) diagram of a generic
hypoeutectoid steel (C < 0.77%) [34].
2.4.3 Microstructures Produced During Cooling
The Fe-C phase diagram and T.T.T. or C.C.T. diagrams emphasize how steel may
consist of different microstructures due to the chemical composition and the cooling
methods. The microstructures of steel refer to austenite transformation mechanisms can be
classified as follows [34]:


Microstructures such as pearlite, ferrite, cementitite or bainite, which are formed
by austenite transformation through nucleation and growth mechanisms due to
carbon diffusion;



Microstructure such as martensite, which is formed from austenite for instant
transformation without carbon to diffusion.

The ferrite, pearlite, and cementite are often classified as equilibrium microstructures and
bainite and martensite as non-equilibrium microstructures.
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2.4.3.1 Pearlite
Pearlite is usually formed due to the slow cooling rate. It is a lamellar (or layered)
structure that is composed of two different phases: ferrite and cementite. The pearlite exists
as grains, also called “colonies”; within each colony the layers are oriented in essentially
the same direction, which varies from one colony to another. The thick light layers are the
ferrite phase, and the cementite is formed as lamellar plates in the ferrite matrix. Many
cementite layers are so thin that adjacent phase boundaries are very close together and are
indistinguishable at low magnification. Mechanically, pearlite has properties intermediate
between the soft, ductile ferrite and the hard, brittle cementite [34]. Pearlite can be found
in the microstructure of a quenched part when the austenization process was not complete.

Figure 2.13 Schematic representation of the formation of pearlite from austenite; direction
of carbon diffusion indicated by arrows [34].

Figure 2.13 illustrates schematically the microstructural changes that accompany
this eutectoid reaction; the directions of carbon diffusion are indicated by arrows. Carbon
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atoms diffuse away from the ferrite regions and to the cementite layers, as the pearlite
extends from the grain boundary into the unreacted austenite grain. The layered pearlite
forms because carbon atoms need diffuse only minimal distances with the formation of this
structure [34].
2.4.3.2 Bainite
Bainite is a very fine structure consisting of ferrite and cementite phases, both with
an acicular morphology formed at temperatures between 250°C and 550°C, and thus
diffusional processes are involved in its formation. The transformation of austenite into
bainite occurs through nucleation and growth and is governed by the diffusion of carbon.
In relation to the transformation temperature, it is referred to as upper bainite (400°C 550°C) and lower bainite (250°C - 400°C). At these temperatures the rate of carbon
diffusion is less than what occurs during the pearlitic transformation and sharp laths of
ferrite surrounded by acicular plates of cementite form from austenite grain boundary [34].
Figure 2.14 shows a schematic representation of the nucleation and growth
mechanisms of bainite. For Upper bainite, both laths of α-phase and acicular plates of Fe3C
phase are oriented in the same direction. For lower bainite, the mobility of carbon is further
limited and the laths of ferrite are finer than the case of upper bainite, and plates of iron
carbide (Fe3C) tilted at approximately 60° with respect to the axis [34].
Bainite forms as needles or plates, depending on the temperature of the
transformation; the microstructural details of bainite can be observed under an optical light
microscope as dark etching, acicular aggregates, or dark needles, which are ferrite platelets
either with or without slim carbides (can be cementite or carbides); or ferrite platelets either
with or without retained austenite sandwiched in between. Bainite ferrite platelets are lath
or lenticular plate like structures. With increasing carbon content, bainite morphology
changes from lath like to plate-like [37]. Figure 2.15 shows the correlation between the
isothermal transformation temperature of the bainitic microstructure and the Vickers
hardness. The ferrite of bainite is harder than ferrite of pearlite due to the high density of
the dislocations. As a result, the hardness of bainite is greater than the hardness of pearlite
and is between 300 and 650 HV [34].
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Figure 2.14 Schematic representation of nucleation and growth mechanisms of bainite: (a)
upper bainite; (b) lower bainite [34].

Figure 2.15 Correlation between the isothermal transformation temperature of the bainitic
microstructure and the Vickers hardness [37]
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2.4.3.3 Martensite
Martensite is obtained by instantaneous transformation of the austenite lattice
below the Ms temperature, which varies greatly with composition. The transformation from
austenite to martensite occurs without diffusion phenomena and is due to a rapid cooling
when the cooling rate is higher than the cooling curve on the C.C.T. diagrams. This
microstructure has a body-centered tetragonal lattice (B.C.T.). Since carbon does not
diffuse during the transformation, the phase is actually a supersaturated solution of carbon
in ferrite. Martensite has an acicular morphology, for carbon contents lower than 0.6%, the
microstructure is formed of lath (lath martensite); however, if the carbon content is greater
than 1%, the microstructure is formed of plates (plate martensite); lastly, if the carbon
content is between 0.6% and 1%, the microstructure is mixed. In both cases, the acicular
microstructure of martensite consists of lath or plates arranged according to an equilateral
triangle shape [34].

Figure 2.16 The effect of carbon content on the hardness of as-quenched martensite [38].
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The hardness of martensite is therefore only a function of the carbon content and is
between 400 and 800 HV as is shown in Figure 2.16. The only way to change hardness of
the martensitic microstructure is to change the carbon content. The martensitic
microstructure has always the same hardness for the same type of steel [34]. The martensite
formation mechanism is one in which a shear stress moves iron atoms cooperatively and
almost simultaneously from their original sites in the austenite structure to the nearest
available site in the final structure. On the T.T.T. and C.C.T. diagrams, there is a martensite
start temperature and a martensite finish temperature, Ms and Mf. It should be noted that
there is a volume increase when transforming austenite to martensite [39-41].
2.4.3.4 Retainted austenite
Austenite that does not transform to martensite upon quenching is called retained
austenite (RA). As indicated by the T.T.T. and C.C.T. diagrams of ductile iron, the Mf
temperature is always below room temperature. Thus, there is always a certain amount of
residual or retained austenite found at room temperature after quenching. The amount of
retained austenite is a function of the carbon content, alloy content (especially nickel and
manganese), quenchant temperature and subsequent thermal and/or mechanical treatments.
In practical manufacturing processes, the excessive amount of retained austenite may result
in premature wear or spalling of the surface of the engineering components [42-45].

2.5 Tribological behaviour
Wear, a physical and chemical process of material damage and removal, broadly
includes four distinct processes, all of which involve the removal of material from the
surface [48]. A typical wear-system involves (a) contact between at least two materials; (b)
force; (c) relative movement between the two materials and finally, (d) the environment.
According to the motion, wear processes could be identified as sliding wear, rolling wear,
oscillation wear, impact wear and erosive wear. Related to the interfacial element, wear
processes are called dry or lubricated, or 2-body and 3-body wear [49]. The topic of wear
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is a huge subject, so the aim of the review presented here is to focus on the specific subject
of sliding mechanism that has been studied in detail in the following chapters.
2.5.1 sliding wear
Sliding wear can be defined as a relative motion taking place in surface and
subsurface regions under a certain normal load, sliding speed, atmosphere composition etc.
The surfaces could be metallic or nonmetallic, and lubricated or unlubricated. The damage
phenomenon may occur by surface grooving due to penetration of hard asperities, oxide
particles during sliding or by plastic deformation [49]. Figure 2.17 illustrates a curve
plotting of mass loss against sliding distance (or time). The accommodation process of
surfaces in contact can be observed in the initial period, and a direct relation between wear
and time is established in the second period, where the wear rate featuring the tribological
system behavior can be calculated for the mild wear where equilibrium conditions are
reached. Finally, after a certain operation time, the failure of sliding components may occur
in the third period [50].
In sliding contact, wear can occur due to adhesion, surface fatigue, tribochemical
reaction and abrasion. The wear mechanisms are determined by many factors such as the
properties of the solid body, the type of contact and counterbody, the interfacial elements
and also the loading conditions [49]. The wear rate value is also associated with the wear
mechanism especially in a lower scale. The life operation of machine components is
determined by the wear mechanism in the steady-state regime or by reaching a high wear
rate or friction coefficient levels [50].
Wear of sliding surfaces are dominated by three main factors, mechanical stresses,
temperature, and oxidation phenomena. Figure 2.18 illustrates the different wear
mechanisms which occur during sliding wear dominated the changing of the surface.
Figure 2.16(a) shows that adhesive junctions are built on clean mating surfaces due to the
material detached or transferred. Surface fatigue can lead to the sheet-like wear particles
formed during repeated plastic formation by a harder counterbody as shown in Figure
2.16(b). As shown in Figure 2.16(c), the cracking of brittle materials such as ceramics is
formed due to the Surface traction in sliding contact. Loose wear particles, as the result of
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cracking of surface films formed by tribochemical reactions, can act abrasively if they are
harder than the base materials [49].

Figure 2.17 Typical plot of mass loss against sliding distance [50].

Figure 2.18 Mechanisms of wear during sliding contact a) adhesive junctions, material
transfer and grooving, (b) surface fatigue due to repeated plastic deformation on ductile
solids, (c) surface fatigue results in cracking on brittle solids and (d) tribochemical reaction
and cracking of reaction films [49].
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2.5.2 Mild and Severe Wear
The two main wear mechanisms in the sliding wear of steels were investigated by
Archard and Hirst in 1956, a mild wear and a severe wear. After the running-in regime has
finished, these two wear mechanisms result in the mass loss in steady-state regime. The
terms of mild wear and severe wear are used to describe conditions on the either side of
the transition [49-50].
Mild wear is caused by the oxides formation on sliding surfaces as a result of high
temperatures achieved by friction heating. The oxide layer decreases the frictional
resistance because of its low shear strength. Mild wear usually is associated with low wear
rate, smooth surface, a steady friction trace and usually occurs at low loads and velocities.
Also the formation of fine wear particles (debris) occurs during mild wear. On the other
hand, severe wear is characterized by adhesion, plastic deformation, formation of junctions,
transfer and back-transfer of materials. Later, material transferred becomes wear particles,
leading to roughening of the surfaces of the sliding pair and in a coefficient of wear at least
one to three orders of magnitude greater than that in mild wear. Severe wear occurs in high
contact surface temperatures with the mechanical damage accompanied by high load and
velocity. Difference between the mild wear and the severe wear is the change in magnitude
of the wear rates with load, sliding velocity, and/or sliding distance [49-51].
2.5.3 Sliding Wear Mechanisms
Wear during sliding is a function of the state of the stresses generated by contact
between two sliding elements. The researchers Lim and Ashby [51] identified and
described four broad classes of wear mechanisms that cause loss of material from the
sliding surfaces:
Seizure: When two surfaces touch, the localized pressure on the asperity contacts
causes plastic indentation, large-scale mass flow, and metallic transfer following a period
of severe wear or immediately upon contact under high load [51]. The temperature increase
caused by high relative velocity between the sliding surfaces may reach the melting point
of one or both sliding surfaces. If melting of surfaces occurs, it causes a decrease in the
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coefficient of friction and an increase in wear rate as the strength of metal drops rapidly
[51, 52],
Melt wear: At higher velocity (10 - 100 m/s) the coefficient of friction drops to very
low values because a film of liquid metal forms at the sliding interface giving “melt
lubrication”. As the temperatures increased so high that oxidation is competed with local
melting as the dominant wear mechanism in the inert atmospheres.
Oxidation Wear: Surface oxidation has been stimulated by the frictional heating
associated with the range of sliding velocities. It is distinguished by two regimes, mild and
severe surface oxidation. The distinction between these two surface oxidations lies in the
sliding velocity, normal load, area of covered surfaces, thickness, and strength of the layers
[51, 55-57]. When the sliding speed exceeds l m/s with a light load, or in case of lower
speed with higher loads, the mild surface oxidation occurs but the oxide film is
characterized as thin, brittle and patchy. However, at higher velocities (more than 10 m/s
for steel), the surface totally covered by the thicker and more continuous oxide film which
is called severe surface oxidation. During this regime, heavily frictional heating causes
oxide melt and flow on the oxide-coated surfaces. The tribological functions of oxides
formed during oxidation wear are listed as follows:


Oxide films prevent the metallic contact between sliding surfaces.



Oxide films serve as a supplementary and effective lubricant.



Owing to their high mechanical properties, oxide films have a shield (protecting)
action, significantly reducing the operating stresses in subsurface layers [54].
Delamination wear: This mechanism is based on the plastic deformation at the

subsurface results in the void and crack formations. The following joining of cracks by
shear deformation reached the surface and its propagation to surface may lead to the flake
like sheet debris which causes ultimate failure of the surface. The adhesive and ploughing
actions cause normal and tangential forces transmitted through contact points from one
surface to the other during sliding. When the sliding velocities are below about 0.1 m/s,
the metal surface is deformed and sheared by the frictional force along its sliding direction
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while the surface heating is negligible. The four mechanisms of delamination wear are
listed as follows:


Plastic deformation of the surface.



Crack nucleation at the sub-surface due to plastic deformation.



Crack propagation from these nucleated cracks due to plastic deformation.



Creation of loose wear sheets.

Figure 2.19 The wear-mechanism map for a steel [51].
The empirical wear-mechanism map for steel is established under a range of
normalized velocity and normalized pressure (normal load) as shown in Figure 2.19. It can
be regarded as a summary of the wear behaviour of dry sliding on steel. Also the wear rate
and the regime of dominance of each of a number of competing mechanisms of wear can
be founded on the wear map. Contours of constant normalised wear rates are superimposed
on fields showing the regimes of dominances of different wear mechanisms. There are
discontinuities in the contours when they cross the field boundaries into the regimes of
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severe-oxidational wear and melt wear. The shaded regions indicate a transition between
mild and severe wear [51].

2.6 Wear behavior of steel microstructures
The wear performance of steels can be affected by a number of factors such as wear
conditions of its microstructure and environment. Also the extent of work hardening and
deformation of the surface regions have the influence in material removal. The researchers
have tried to correlate the microstructures and bulk hardness of steel against wear resistance
as shown in Figure 2.20, since there is no exact relationship between the variables [58-59].

Figure 2.20 Effect of microstructure and bulk hardness on relative wear resistance
compared to mild steel [63].
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Hardness and toughness are quite often used in the field of wear resistance as the
criteria for judging surface treatment, where the hardness can reduce the extent of
penetration of abrasive particles and the toughness can inhibit crack formation and material
detachment during the sliding. Figure 2.20 illustrates that steels with similar hardness have
different microstructures and also vary in their wear resistance. Because of the higher strain
hardening capacity and ductility of austenite, it exhibits a higher abrasion resistance
compared to bainitic and pearlitic structures at equivalent hardness. In steels with less than
l.0% carbon, bainite shows higher wear resistance than quenched and tempered
microstructures, annealed structures and spheroidized structures, all at the same hardness
level. Martensite is less ductile leading to greater material removal during sliding [60]. In
addition, a tough work-hardened layer on the worn surface can be formed in austenitic
steels during sliding which can resist further damage [61]. Because of the decreased lath
thickness of bainitic ferrite and the lower amount of retained austenite, the wear resistance
of the austempered sample is improved due to the increased hardness and acceptable
toughness [62-63].
2.6.1 Ferritic-pearlitic steels
Ferritic-pearlitic microstructure is the morphology of the iron carbide in steel which
plays an important role in wear resistance. The pearlite colonies are dispersed as hard
phases in the softer ferritic matrix, thus the penetration and subsequent material removal
are hindered during the wear. The deformation in ferrite is also constrained by pearlite
which reduces the rate of material removal. Figure 2.21 shows the wear mechanisms of
hard particle in ferritic-pearlitic steels, where the work hardening is caused by the
indentation of hard particles in the nearsurface due to the plastic deformation of the soft
ferrite phase [63].
Many studies have pointed that pearlite exhibits better wear resistance than
spheroidal carbides due to the lamellar structure at similar hardness [64-65]. The lamellae
in pearlite act as barriers to the moving abrasive particles, which required for more energy
to deform and fracture lamellar carbide [66]. Lamellar pearlite shows better wear resistance
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compared with tempered martensite containing fine carbides and spheroidised carbide [6768]. However, the performance of pearlite varies with the size of the abrasive particles.

Figure 2.21 Schematic hard particle wear mechanisms in ferritic-pearlitic steels [63].
Previous researches indicate that the reduction of the pearlite interlamellar spacing
in steels can increase resistance to sliding wear [69-71]. However, the interlamellar spacing
is inversely related to the wear resistance with the carbon content in hypoeutectoid pearlitic
steels. In hypereutectoid steels, the continuous network of cementite cannot be plastically
deformed during abrasion at the prior austenite grain boundaries, where the brittle fracture
can generate cracks along those boundaries. This could be responsible for the saturation of
wear resistance in hypereutectoid steels.
2.6.2 Martensitic steels
Martensite is identified as the structure that shows better wear resistance compared
to ferrite, pearlite and bainite due to its high hardness according to a number of
investigations [72-74]. Figure 2.22 shows the wear mechanisms of hard particle in
martensitic steels. The soft, deformable phase cannot be observed owing to its very high
hardness. The formation of micro-cracks is caused by upon indentation of hard particles
into the surface of martensitic steel. A wear particle can be cut lose after several adjacent
micro-cracks link up. However, high carbon martensitic steel (C ~ 0.65 -1.2 wt%) has been
found to exhibit higher wear rates compared to low carbon (C ~ 0.16 - 0.37 wt%)
martensites owing to relatively low toughness [75].
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Figure 2.22. Schematic hard particle wear mechanisms in martensitic steels [63].
Figure 2.23 illustrates the hardness of ferritic-pearlitic and martensitic
microstructures against the weight loss of wear under the same test conditions. In ferriticpearlitic steel, increasing the hardness leads to a minor improvement of wear resistance. In
contrast, the hardness increase in a martensitic microstructure results in substantial gains
in wear resistance. This difference is found as the consequence of different wear
mechanisms acting in both steels as shown in Figure 2.21 and Figure 2.22 [63].
The structure of ferrite and martensite exhibit better wear resistance compared with
ferrite and pearlite mixture during dry sand rubber wheel testing, because of its higher
volume fraction of martensite [76]. In order to raise the resistance against crack-based wear
mechanism, three methods could be used:
1. Increasing the steel hardness raises the elastic limit stress of the material reducing
the formation of cracks.
2. Refining the microstructure obstructs the propagation of existing cracks, in
particular, increasing the number of large angle grain boundaries.
3. Embedding ultra-hard special carbide phases in the martensitic matrix can carry the
highest contact stresses without fracturing.
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Figure 2.23 Relationship between hardness, microstructure and weight loss in rubber wheel
test [63].
2.6.3 Bainitic steels
The wear performance of bainitic steels is still a controversial issue. Richardson
firstly pointed that bainitic steels show better wear resistance than other microstructures at
similar hardness and composition [77]. Xu and Kennon investigated two-body abrasion
tests on plain carbon steels over a wide range of compositions (0.10 - 1.4 wt% C) and
microstructures, and bainite exhibited the highest wear resistance followed by tempered
martensite and rest of the annealed structures for C <1.0 wt%. Spheroidised structures are
demonstrated to show the lowest wear resistance [78]. Hurricks [79] carried out
experiments on the abrasion resistance in lower bainite owing to its hardness and ductility.
The number of studies have shown bainite having a small advantage over martensite in
wear resistance at a similar hardness [80-83] due to lower plastic deformation and high
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toughness caused by either a higher fraction of small carbides or retained austenite.
However, those effects are both related to the type of austempering treatment and
composition of the steel. Under sufficiently high pressure the retained austenite transforms
to fresh martensite and this transformation increases wear resistance.
Since the mixture of martensite and bainite provide excellent impact toughness as
well as high ductility, higher yield, and tensile strengths [76] than fully martensitic steels,
the bainitic steels have been increasingly popular. The toughness of bainitic steels is
improved by undergoing continuous cooling processes [84]. The mechanical properties of
bainitic steel are determined by, the morphology of the microstructure, the formation of
fine or coarse bainite and the way it is distributed throughout the microstructure It has been
found that the strength and hardness of the bainitic structure comes from the thin plates of
the bainitic ferrite [85-87]. For instance, Caballero investigated the lath-like upper bainite,
consisting of thin and long parallel ferrite laths were found to have higher impact toughness
than granular bainite [88]. At the nanoscale, the high strength and toughness of the slender
and tiny bainitic ferrite plates separated by thin films of retained austenite due to the high
dislocation density and other defects in the bainite [88].

2.7 Parameters that affect wear behaviour
2.7.1 Bulk hardness
Hardness is the resistance to mechanical indentation, such as in a hardness test point
making an indentation of various depths in samples. Wear resistance is the ability to reduce
or resist material loss from abrasive or adhesive wear. Hardness is usually regarded as the
criteria for judging wear resistance of materials. Figure 2.24 shows a linear relationship
between relative wear resistance and Vickers hardness with pure annealed, cold worked
and heat treated steels in wear tests, and the following equation is [89-92]:
ε = bH

38

(1)

ε is the relative wear resistance, H is the Vickers hardness and b is a constant of
proportionality. Moreover, they proposed that the wear-resistance depends strongly on the
physical and mechanical properties of the abrasive, consistent with other work [93,94].
This relationship does not hold good for work-hardenend metals and alloys [95].

Figure 2.24 Relative wear resistance as a function of initial bulk hardness with pure
annealed, cold worked and heat treated steels follow a linear relationship [91].
In general, the wear resistance of steel does depend on its hardness, but also on the
microstructure features and toughness [96]. A number of studies have shown that when the
steel has same composition, the harder the steel, the greater the wear resistance because the
harder steel matrix does a better job of holding on to the carbides. Whereas, when the steel
has a different composition, the more carbides are included the better wear resistance of
steels [96-99]. For example, a non-linear relationship between wear resistance and bulk
39

hardness was observed in a tumbler-based impact-abrasion test, where the microstructure
and toughness also affect the wear resistance [100]. According to these studies, the
hardness does have a certain effect on the wear resistance but does not guarantee a better
resistance to wear.
2.7.2 Temperature
Researches on the influence of temperature on the wear behavior are usually studied
as two aspects: (a) the effect of the ambient temperature during wear, and (b) increase in
temperature due to plastic deformation of worn surface by friction heat. Generally, the wear
rate and coefficient of friction (COF) are typically found to decrease as the temperature
increased over a relatively transition temperature. Also the wear rate of medium carbon
and stainless steels is found to decrease over an order of magnitude with a decrease in the
COF of approximately 20%–30% [101-102]. Most of the heat generated at high strain rate
remains within the deformed metal with the small time of contact between an individual
grit and the substrate. As a consequence, the deformed worn surface is transient thermal
softened due to the hardness reinforced by grit.
In general terms, the mechanical and metallurgical properties such as strength and
ductility of the sliding surfaces could be modified by the increasing temperature. Moreover,
the precipitation, strain ageing, and recrystallization are also caused by the varied
behaviour accompanied with the structural changes [104]. Hurricks [105-106] carried out
the oxidation changed from logarithmic to parabolic growth during the transition and the
growing predominance of Fe3O4 within the oxide film (rather than α Fe2O3 which was
thought to be the dominant oxide below the transition temperature). The role of iron oxides
on the oxidational wear were studied by Lou et al. [103] who used a reciprocating
tribometer to conduct the dry and lubricated sliding tests on carbon steel. It was observed
the formation of different types of iron oxides within the sliding contact surfaces may
contribute to the improved wear properties. Fe3O4 layers were considered as protective
layers due to their strong adhesion to the sliding surface, and when Fe3O4 became the
dominant constituent of the tribolayers, a reduction in wear loss was found. However,
Fe2O3 layers may be removed more easily from the surface leading to abrasive wear
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because of the debris particles [156-159]. Kayaba and Iwabuchi [102] simulated the
reduction in wear and COF with increasing temperature with the change in oxide from αFe2O3 to Fe3O4. The formation of Fe3O4 due to the reduction of wear rates and COF with
elevated temperatures can be considered act as a better solid lubricant adhere and more
strongly to the surface than α Fe2O3 [107-108].
2.7.3 Lubricant
Lubricants introduced to effectively reduce friction between surfaces during the
sliding contact which ultimately reduces the heat generated when the surfaces move. It can
be classified into three different types as liquid such as oil, semisolid (greases), and solids
such as graphite, molybdenum disulfide, boron nitride etc. The lubrication regimes are
distinguished as three major categories: boundary, hydrodynamic and mixed:
Boundary lubrication typically occurs in applications with slow movement and/or
high loads such as conveyor chains or gear boxes. In this regime, opposing surfaces that
previously were in full contact with each other at rest are now starting to move. To prevent
wear within this regime, lubricants are specifically formulated to form a low-friction,
protective layer on the wear surface. Hydrodynamic lubrication involves the separation of
two contacting surfaces using hydraulic forces. This typically occurs in rotating equipment,
inside the journal bearings that support rotating shafts. Mixed lubrication is a transitional
regime situated between boundary and hydrodynamic lubrication, sharing characteristics
of both. Typically, mixed lubrication can occur during the startup of rotational equipment,
as the shafts gain rotational speed from a full stop. It also can occur between surfaces where
low loads and high speeds are encountered, such as when reciprocating pistons slide against
piston walls. With this transitional regime, wear protection depends on both the lubricant
viscosity as well as the additives within the formulation [109-110].
The operating conditions such as speed, loads, pressures and temperatures must be
considered in order to obtain the better wear performance. But it is also important to choose
the right lubricant for the application to control friction and wear. An inappropriate
lubricant may result in significant friction, wear and even equipment failure. Meanwhile, a
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proper choice of lubricant can lead to process efficiency increased and the life of
components extended, and also oil consumption reduced in the automotive industry.
2.7.4 Environment
The wear rate varies with different atmosphere and moisture content of the
environment. Under the air condition, the iron-rich oxidized tribolayers formed on the
surfaces of the samples are easy to spall. Yen and Ishihara [112] investigated the effects of
humidity on the friction and wear. Saravanan [111] investigated wear mechanisms in
commercial purity argon tested which results in a more stable and homogeneous layer
formed on the surface compared to the material tested under an oxygen atmosphere.
Brainard and Buckley [113] conducted the wear tests under a range of pressure from 10−6
to 10−7 Torr. Gravie [114] performed dry sliding wear experiments in the vacuum and air
environments, with different humidity levels. Goto and Uchijo [115] revealed the
relationship between the wear behaviour and relative humidity (RH).
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CHAPTER 3
EXPERIMENTAL DESIGN AND PROCEDURES
3.1 Experimental Materials
3.1.1 1045 steel
1045 steel is a family of AISI steel grades, as specified by the American Iron and
Steel Institute (AISI). The 1045 steel in the as received condition shows hypoeutectoid
phases, pearlite embedded in a proeutectoid ferrite matrix. The chemical composition of
the 1045 steel used in this research is described in Table 3.1. It is a steel with good
weldability, good balance between strength and ductility, and can be hardened through of
the thermal treatments.
1045 steel is a medium carbon steel, which is widely used in industry for structural,
tooling and advanced automotive parts. This grade is used for applications requiring more
strength and wear resistance than can be obtained from low carbon mild steels. Examples
of applications for 1045 steel include hydraulic rams, rail clip, shafts, gears and medium to
higher strength threaded fasteners. 1045 steel is generally not recommended for critical
applications, particularly those where high strength is required in combination with
ductility or toughness. The steel needs to have a high surface hardness to obtain the
necessary wear resistance. Therefore, flame or surface treatments, such as induction
hardening is a very important process for achieving a suitable surface hardness for wear
resistance applications (Lakthin, 1979). Moreover, the gas nitriding and electrochemical
boriding processes can also be used to case harden 1045 steel.
Table 3.1 Typical chemical compositions (wt%) of AISI 1045 steel [116].
Element

C

Weight % 0.49

Si

Mn

P

S

Cr

Ni

Fe

0.20

0.81

0.013

0.022

0.17

0.10

Balance

43

3.1.2 Surface treated 1045 steel and geometry
Currently gas nitriding is being applied to medium carbon steel to increase the
hardness and the wear resistance in automotive applications. Also an alternative surface
hardening method called as “CRTD-Bor” (Cathodic Reduction and Thermal Diffusion
based Boriding) was introduced for heavy-duty applications of medium carbon steel [117].
The main idea behind these treatments is to increase the surface hardness, as well as wear
resistance hence these parts can have longer service lives. But these two surface treatments
require an additional handling and processing step which adds cost and time to the
manufacturing process. In this study, the gas nitrided and electrochemically borided 1045
steel were tested with the normalized and heat treated 1045 steel to compare their
tribological behaviour.
Normalized and gas nitrided 1045 steel samples used in this study were obtained from
Litens automotive company, and electrochemical borided 1045 steel samples were
prepared at the Istanbul Technical University. The wear samples were prepared as steel
blocks with the dimensions of 10 mm×10 mm ×5 mm, as shown in Figure 3.1(a), and all
wear tests were conducted on the same flat surface (no corner or edge effects).

(a) The dimensions of 1045 steel block sample

(b) The dimensions of 52100 steel ring

Figure 3.1 Photographs of (a) as received 1045 steel, (b) 52100 steel samples with
dimensions.
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3.1.3 Counterface Materials
AISI 52100 grade steel is a high-carbon chromium bearing steel which was used as
counterface material in this study as shown in Figure 3.1(b). 52100 bearing steel is a special
steel with features of high wear resistance and rolling fatigue strength [118]. The as
received 52100 steel shows hypereutectoid phases consisting of austenite grains with
proeutectoid cementite. The chemical composition of the 52100 steel used in this research
is given in Table 3.2 [119]. The 52100 steel was purchased in the form of bearing cages
from Timkens with an outer diameter of 38 mm and a thickness of 12 mm, and was used
as the counterface material against the 1045 steel blocks.
Table 3.2 Typical chemical compositions (wt%) of AISI 52100 steel [119].
Element

C

Weight % 0.981.10

Si

Mn

P

S

Cr

Fe

0.15-

0.25-

0.025

0.025

1.30-

Balance

0.35

0.45

1.60

3.2 Induction hardening procedures
3.2.1 Heat treatment design
The objective of heat treating 1045 carbon steel is to increase the surface hardness
and wear resistance of steel without the growth of cracks and without reducing its ductility.
Induction surface hardening used for this purpose is a type of heat treatment method where
only a working surface layer of the steel element or its selected part is heated inductively
and then immediately cooled by immersing it into a quenching medium or by spraying.
The short heating period aids in austenite grain size control, resulting in improved
mechanical properties of the hardened component. There is minimal distortion and
decarburization as a result of the short time between heating and quenching. As a result, a
thin surface layer with required values of hardness and microstructure is obtained [120124].
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The heat treatment process was designed according to the continuous cooling
transformation (CCT) diagrams with cooling curves as shown in Figure 3.2 [127]. This
diagram shows the austenite transformations and the microstructures obtained at the end of
heat treatments. For the continuous cooling of a steel, there exists a critical quenching rate
(Vs), which represents the minimum rate of quenching that produces a 100% martensitic
structure. For AISI 1045 steel, the critical quenching rate is 117.72 °C/s [125]. The
quenched steel with high percentage of martensite is extremely hard but normally too brittle
for practical uses. The internal stresses arising during quenching processes may cause
cracks on the sample surfaces.
The temperature of heating and quenching also were determined by and Ac3, Bs and
Ms temperature. Ac3 is the critical temperature at which the ferrite phase is completely
transformed into austenite by the heating process (heating temperature over Ac3). Bainite
and martensite are achieved through an isothermal phase transformation process, and the
highest isothermal temperature that allows bainite and martensite to be achieved, called Bs
and Ms temperatures, usually are obtained through experiments for a given specific steel.
The equations used here were determined by Trzaska [126] and are described as:
Ac3 = 925 − 219√%C − 17%Ni + 39%Si + 45%V + 13%Mo + 16%Cr − 7%Mn (2)
Bs = 771 − 231.5%C − 31%Ni − 15%Cr − 55%Mo − 23%Si − 69%Mn − 58.5%Cr(3)
𝑀𝑠 = 541 − 401%𝐶 − 18%𝑁𝑖 − 15%𝐶𝑟 − 17%𝑀𝑜 − 10.5%Si − 36%𝑀𝑛 − 14%𝐶𝑟(4)
According to equation (1), (2) and (3), the 1045 steel Ac3, Bs/Ms are obtained:
Ac3 = 925 − 219 × √0.49 − 17 × 0.1 + 13 × 0.2 − 16 × 0.03 + 16 × 0.17 + 36
× 0.81 = 785ºC (1445ºF)
1045𝑀𝑠 = 541 − 401 × 0.49 − 36 × 0.81 − 10.5 × 0.2 − 14 × 0.17 − 17 × 0.03
− 18 × 0.1 = 328ºC (622ºF)
1045Bs = 771 − 231.5 × 0.49 − 69 × 0.81 − 23 × 0.2 − 58.5 × 0.17 − 55 × 0.03
− 31 × 0.1 = 546ºC (1015ºF)
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Figure 3.2 Typical Continuous cooling transformation diagrams(CCT) with cooling curves
[127].
In order to obtain a uniform austenite microstructure. It is necessary to heat the
samples to a temperature significantly higher than the traditional austenization temperature
Ac3. Also hardening relies primarily on the phase transformation resulting in the formation
of a hard martensitic and bainitic layer. Therefore, the AISI 1045 steel will be heated over
785 °C for complete austenization, and the quenching cooling rate should allow the cooling
curve through both bainitic and martensitic phases based on Bs (546 °C) and Ms (328 °C)
temperatures.
3.2.2 Induction hardening procedures
Induction hardening processing of all the samples was carried out with a heat
induction tool (High Power Bolt Buster) as shown in Figure 3.3. The details of the
induction heater are: voltage: 110V, power: 1.8KW, frequency: 50-70KHz, current: 16A,
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heating rate: 13.5oC /s. Induction hardening furnace had a single-turn scanning induction
coil. The induction coil had an internal diameter of 25.4 mm (1 in) and a face width of 6.35
mm (0.25 in). Figure 3.3(b) shows the induction coil set-up, and Figure 3.4 shows the
Scilogex digital hotplate with Scilogex PT1000 Sensor (to control the medium
temperature) to heat the sample to the target temperature. The coupling distance between
the sample and the induction coil varied from 5.2 mm (0.205 in) to 1.7 mm (0.067 in)
during the hardening process. The induction surface hardening process consisted of two
consecutive stages with a short break between them. First the hardened component was
heated inductively as quick as possible to 820 °C. Then, after a short break necessary for
switching off and removing the inductor, the element was immediately cooled by the
following quenchants: water, quenching oil (Super Quenchall Quench Oil) and a salt bath
(40% NaOH + 60% KOH) that were maintained at temperatures of 60 °C, 160 °C, 280 °C,
respectively. Table 3.3 summarizes the quenching media and time, temperature conditions
used for induction hardening of 1045.
Table 3.3. Quenching media and conditions of temperature and time.

The detailed processing parameters of induction hardening as mentioned above are
shown in Figure 3.5, and the heat treatment cycle curves are plotted based on the designed
process of induction hardening as shown in Figure 3.6. The as-received AISI 1045 steel
samples were heated using induction heating method up to an austenite temperature of
820oC, held at this temperature of 120s, then immediately quenched in the following
modes: i) water at 60 °C, ii) a salt bath composed of 60% KOH and 40% NaOH at 280 °C
and iii) quenching oil at 160 °C holding for 10-15 seconds. After quenching the samples
were air cooled to room temperature.
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(a)

(b)

Figure 3.3 Induction heating tool – Bolt Buster, (a) overall view, (b) heating set-up.

Figure 3.4 Heating set-up: Scilogex digital hotplate with Scilogex PT1000 Sensor.
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Figure 3.5 Heat treatment process.

Figure 3.6 Heat treatment cycle curves of 1045 steel.
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3.3 Tribological test
3.3.1 Dry and lubricated sliding wear tests
The Block-on-ring test is a widely used technique that evaluates the sliding wear
behaviour of materials under controlled conditions and allows reliable ranking of material
couples for specific tribological applications. Figure 3.7 illustrates a schematic diagram of
the block-on-ring wear test apparatus.

Figure 3.7: Schematic illustration of block-on-ring wear test apparatus.
In this study, the sliding wear tests were performed on untreated, heat-treated, gas
nitrided and electrochemical borided 1045 steel blocks against AISI 52100 steel ring at dry
and lubricated conditions using a block-on-ring tribometer as shown in Figure 3.8. The
surfaces of block samples and counterface were ultrasonically cleaned using ethanol before
each wear test. To realize a sliding speed of 1 m/s, the rotational speed was fixed at 500
RPM. Thereafter, the ring and the samples were fixed in the tribometer. The weights were
placed on the tray and fixed carefully. The sliding wear tests were performed at a constant
load of 44.48 N with six different sliding distances, i.e., 500 m, 1,000 m, 3,000 m, 5,000
m, 10,000 m, 15,000 m at room temperature under dry and lubricated conditions.
The lubricated tests were performed with the two types of grease-like lubricants:
Peerless LLG (a calcium sulphonate complex thickened grease) and Krytox
(perfluoropolyether (PFPE) grease), both are widely applied in automotive and industrial
equipment such as bearings and chassis due to their oxidation stability, wear resistance,
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rust protection and excellent load carrying ability. Figure 3.8(a) shows the steel ring is
completely covered by the lubricants before the lubricated sliding wear start, and at the end
of the test the condition between block sample and ring is presented in Figure 3.9(b). The
lubricants were provided by Litens automotive company.

(a)

(b)

Figure 3.8 (a) Block-on-ring tribological machine (b) Enlarged figure showing the blockon-ring configuration
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(a)

(b)

Figure 3.9 Lubricant applied in the block-on-ring sliding wear test, (a) before the test, (b)
after the test.
3.3.2 Humidity sliding wear test
The humidity sliding wear tests were designed for examining the influence of the
environmental humidity present during sliding wear test caused the boric acid film
generated, which resulted in the increase of the wear resistance. The boric acid film
(H3BO3) was expected to be generated due to the spontaneous reaction between the boron
oxide and relative humidity in the environment.
Erdemir et al. [129] conducted the 800 °C annealing process on the B4C substrates
to produce the B2O3 surfaces and wear tests in 40 %-50 % relative humidity (RH). The
results suggested that the formation of a boric acid (H3BO3) film on B2O3 surfaces can
greatly reduce the friction coefficients as low as 0.03 to sliding metallic and ceramic
interfaces. Sanchez et al. [128] studied the effect of relative humidity on the self-lubricating
properties of a thin film of boric acid film, and they applied the short annealing process
(SAP) at 750 °C for 5 min and cooled to room temperature in 20 %-85 % relative humidity
(RH) on AISI 316L steel to form a compact boric acid film. The results showed the best
RH condition for the formation of H3BO3 film for 316 L steel is 60% RH.
According to the researches mentioned above, there are two criteria required to
form boric acid film: one is a sufficiently high temperature (over 750°C) for oxidation to
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generate the formation of boron oxide (B2O3); the other is appropriate relative humidity
(over 40%) to create the environment for generation of (H3BO3) film.
Therefore, part of borided samples were heat treated with a short annealing process
(SAP) and cooled in the controlled RH before the wear test to form a boric acid film. The
borided samples were firstly cleaned to remove impurities remaining from the boriding
process, and then heated with SAP in a conventional furnace at 750°C for 5 minutes in
open air. After the SAP, the samples were cooled to room temperature in a controlled
moisture chamber at 40% RH. Humidity wear tests were also performed on the block-on
ring tribometer with borided blocks against 52100 rings in a controlled moisture chamber
as shown in Figure 3.10. The wear tests were conducted at a speed of 1 m/s and a constant
load of 44.48 N at room humidity of 25% (RH) after 1000 m sliding distance.

Figure 3.10 Block-on-ring tribometer with humidity controller.
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3.3.3 Wear rate
The wear volume loss is the main critical factor to present the wear resistance of
metal material. Weighing mass loss was applied to the calculation of the wear rates for
significant amount of wear loss. Before and after each test, an analytical balance with an
accuracy of 0.1 mg was fixed to measure the mass of the samples. After removing the loose
debris from the worn surfaces in an ultrasonic cleaner with ethanol, the mass of the worn
samples was measured. Then the wear in mass loss (M) was converted to volume loss (V)
using the density (ρ) of the material according to the equation:
𝑉=

𝑀
𝜌

(5)

For mass losses less than 0.1 g, for example lubricated wear loss, volumetric wear
losses were measured using optical profilometer (WYKO NT-1100). Optical profilometry
calculations were employed to determine the material removal rates in the composites
according to the reference [130]. The amount of material removal associated with the
groove formations along the wear track were detected in this way. The worn area was
calculated using optical profilometry observations, with four readings from each image
(Figure 3.11), where the area beneath the reference line was calculated to be the worn area.
An average of 24 readings (from six different regions of the wear track) were taken as the
worn area Aij and was multiplied by the perimeter of the wear track, which gives the
volumetric wear loss V according to the equation (6) [36]:
𝑉=

𝑛
2
𝜋𝑅𝑤 [∑
𝑛
𝑖=1

𝑘

∑

𝐴𝑖𝑗]

(6)

𝑗=1

where, k is the number of grooves per section and n=24: the number of different sections
along the wear track from which measurements were made.
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Figure 3.11 Optical profilometry image (a) and Y profile (b) for worn surface of 1045 steel
block samples after sliding wear test, (b) Y file.3.4 Material characterizations
Finally, the volumetric wear rate (W) was calculated from the slopes of the
volumetric loss (V) vs. sliding distance (S) curves. The following equations show the
methods of calculating the volume loss and the wear rate:
𝑊=

𝑉
𝑆
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(7)

According to Archard’s law [131], the wear rate (W) is related to the applied load
(P), the wear coefficient K and the hardness of the material (H):
𝑊=

𝐾𝑃
𝐻

(8)

The wear coefficients of samples in different conditions were calculated based on this
equation.

3.4.1 Optical metallography
The cross-sections of untreated and surface treated 1045 steel before and after
sliding wear tests were prepared for optical microscopy observation to reveal
microstructures by polishing and etching. After mounting in plastic, ground on a series of
SiC papers (240, 400, 600, 800, 1200 grit), they were polished with 1.0μm and 0.5μm
Al2O3 powder on a Buehler polisher, and then etched by 4% Nital solution (ethanol + nitric
acid) for around 10s. All of the surfaces to be examined were polished to a mirror finish
and then cleaned with water and 95% ethanol liquid before and after etching. All of the
optical microscopy work was performed using a ZEISS Axio Vert. A1 microscope with
the magnification in the range ×50-×500. There are four possible illumination modes
available in the ZEISS Axio Vert. A1 microscope: bright field, dark field, Differential
Interference Contrast (DIC), and fluorescence contrast in reflected light. For
microstructural characterization of 1045 steel, the method of reflected light bright field is
the most appropriate illumination to analyze the microstructures of etched surfaces.
Related software, The ImageJ Software was used to isolate and measure the area
percentage of bainite, martensite or retained austenite phases in the different
microstructures. The determination of area percentage was based on color difference. The
bainite content was also measured by the contrast differences between the martensite and
other colored areas. Thus the threshold setting was especially important for obtaining an
accurate result. Because there is a strong contrast difference between the bainite and the
matrix, this content is readily calculated. Figure 3.12 shows the detailed steps in
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determining the bainite content of an etched sample using ImageJ software. The threshold
was adjusted by two sliders, the upper slider adjusted the minimum threshold value and the
lower one adjusted the maximum as shown in Figure 3.12(b). The bainitic area will be
selected while the minimum to move a fixed-width thresholding window across the range
of gray values.

Figure 3.12 Steps showing how to determine phase content in ImgeJ (a) adjust the type of
the image from bright field to the 32-bit and then select the colour of Bainite (dark);
(b)Adjust threshold

to segment the image into features of bainite and other

microstructures;(c) Measure the selected area (d)Measurement results of selected area.
3.4.2 Scanning Electron Microscopy (SEM)
The details of surface and subsurface microstructures as well as worn surface
morphologies were investigated using a FEI Quanta 200 FEG scanning electron
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microscope (SEM) equipped with an energy-dispersive X-ray EDAX (SiLi Detector)
spectrometer. The system is structured with a single user interface window that allows for
flexible and versatile analysis. This interface allows switching between the SEM image
mode and the EDS analysis mode easily. EDS was used on the wear tracks to quantitatively
assess the composition at selected locations.
3.4.3 Surface Roughness Measurements
The surface roughness values and the outlines of the worn surface were carried out
using a non-contact, optical surface profilometer (WYKO NT-1100), which provides high
resolution and 3D surface measurement capability, from sub-nanometer roughness to
millimeter-high. The WYKO profilometer as shown in Figure 3.13 measures the profile of
a solid surface using the principle of optical interferometry.

Figure 3.13: Optical surface profilometer (WYKO NT-1100) for roughness measurement
There are two methods for the measurement, Phase-Shift Interferometry (PSI) and
the Vertical Scanning Interferometry (VSI) mode. In the present study the roughness of the
surface was measured using the VSI mode instead of the PSI mode due to the rough
surfaces of samples. The important parameters of surface texture are listed in the following:
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Sa is the average roughness serving as a good general indication of smoothness, Sq is the
root mean square height of the roughness, Sz is the ten-point height, Sk is the coreroughness depth, Spk is the reduced peak height, Svk is the reduced valley depth, Mr1 and
Mr2 are the peak and valley material component obtained from the bearing ratio plot. The
parameters analyzed in this study were measured at five different places and averaged out.
3.4.4 Micro-hardness Test
The micro-hardness was measured using a Buehler Micromet II micro-Hardness
tester with a load of 50 gf (0.49 N) as shown in Figure 3.14. It was equipped with an optical

microscope and measuring tools. With the microscope the indentation can be applied at
specific desired points or phase, such as the compound layer and the pearlite or bainite
phase in the matrix.

Figure 3.14 Buehler Micromet II micro-Hardness tester
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The Vickers Diamond Pyramid microhardness value is the applied load (kgf)
divided by the surface area of the indentation (mm2) using equation (8):
𝑃
𝑑2

HV = 1.854

(9)

Where HV=Vickers hardness; P=Load in kgf; d=Arithmetic mean of the two diagonals in
mm. The dwell time is 12 s, and each hardness data is the average of seven measurements
of the surface. The distance between the two adjacent indentations was more than three
times the length of the indentation diagonal.
3.4.5 Oxide phase analyses
The composition of oxide phases formed on worn surfaces due to the thermal
oxidation during sliding tests was determined using a light scattering Raman microspectrometer (Horiba) equipped with a 50 mW Nd-YAG 141 solid state laser (532.0 nm
excitation line) and a ×50 objective lens of the spectrometer having a laser spot diameter
of 1 μm and focused on the wear track. Raman spectroscopy is a spectroscopic technique
commonly used to identify the molecules by featuring a number of peaks, showing the
intensity and wavelength position of the Raman scattered light. Each peak corresponds to
a specific molecular bond vibration, including individual bonds and groups of bonds.
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CHAPTER 4
HEAT TREATMENT RESULTS AND ANALYSES
4.1 Overview
In this chapter, results are presented for the microstructural observation and
characterization of the gas nitrided, electrochemical borided and induction hardened 1045
steel using light optical microscopy (OM) and scanning electron microscopy (SEM). The
qualitative and quantitative analysis were obtained from optical micrographs for bainite
and the software image analysis. The results of surface roughness and surface
microhardness of the induction hardened, nitrided and borided layers were also studied by
using Vickers hardness tester and optical surface profilometery, as well as the crosssectional hardness gradient and measurements for compound layer thickness and diffusion
zone depth of the surface treated 1045 steel were obtained.
4.2 Optical metallography of induction hardened 1045 steel
4.2.1 Optical microstructures of heat treated and quenched samples
The optical microstructure of the as received 1045 steel before the heat treatment
is shown in Figure 4.1, and primarily consists of a dark lamellar pearlite matrix surrounding
bright ferrite grains. The size of the grains varies between 10 and 30 µm and the volume
fractions of pearlite and ferrite is 60 % and 40 %, respectively. A series of images from
Figure 4.2 to 4.4 show the optical micrographs of the induction hardened samples quenched
in different media including salt bath, quenching oil and water. There are two images at
500x and 1000x magnifications that are presented for each sample. The lower
magnification image is useful in understanding the overall phase distribution, while the
higher magnification image is required to observe the detailed microstructure.
It can be seen from Figure 4.2(a) and Figure 4.3(a) that the microstructures of the
samples quenched from 820 °C into a 280 °C salt bath and 160 °C quenching oil holding
for 10 s. and 15 s consisted of martensite, retained austenite and a certain amount of
dispersed bainite. The obtained microstructures are close to the prediction of CCT phase
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diagram of 1045 steel since two new phases, namely bainite and martensite, were generated
after quenching. Thus, it can be inferred that the cooling rates under these conditions were
slower than the critical quenching rate of AISI 1045 steel. The bainite became dark after
etching because the bainite/cementite interfaces were easily attacked by the etchant (5%
Nital) used. The new phases were martensite which appeared to be lighter after etching
because of the absence of carbide precipitates and white retained austenite. It is difficult to
distinguish between bainite and martensite laths under the optical microscope, even though
the bainite laths would be thicker, shorter, segmented and the edges have a feathery or sawtype profile. On the other hand, the martensite needles are much longer, narrower and have
a smooth profile edge [132].

Figure 4.1 Optical micrograph of the untreated normalized 1045 steel.
After an isothermal holding time of 10 seconds in molten salt, some typical lathlike upper bainitic plates formed as shown in Figure 4.2(b). Upper bainite appears as broad,
lath-like sheaves, and the lower bainite appears as the narrow, needle-like sheaves as shown
in Figure 4.3(b). It can be seen that upper bainite and lower bainite mixed structures were
formed in the oil quenched sample. Around this narrow transitional isothermal temperature
range (250°C - 550°C), the mixed phases or microstructures may provide the desired
mechanical properties for the steels heat treated this way. The start of nucleation of primary
bainite grain was observed on the austenite grain boundaries. Parallel plates of ferrite often
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occur in large groups, which represent the first stage of bainite formation. This final
microstructure is called feathery bainite due to the appearance of ferrite plates [132].
Figure 4.4 shows that the microstructure of the sample quenched in water at 60 °C
consisted of martensite and retained austenite. It can be assumed that the higher cooling
rate due to in water resulted in the formation of acicular martensite, and reduction of the
proportion of bainite. The water quenched sample was expected to present the higher
hardness and better wear resistance among the heat treated samples due to the highest
fraction of martensite. However, surface cracks were detected on this sample surface as
shown in Figure 4.5 due to the high cooling rate, which causes thermal stress applied on
the surface.

(a)

(b)

Figure 4.2 Optical micrographs (bright field illumination) of induction hardened sample
quenched in 280 °C salt bath, (a) 500 X, (b) 1000 X (dark phase: bainite; lighter phase:
martensite).
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(a)

(b)

Figure 4.3 Optical micrographs (bright field illumination) of induction hardened sample
quenched in 160 °C quenching oil, (a) 500 X, (b) 1000 X (dark phase: bainite; lighter phase:
martensite).

(a)

(b)

Figure 4.4 Optical micrographs (bright field illumination) of induction hardened sample
quenched in 60 °C water, (a) 500 X, (b) 1000 X (dark phase: martensite; white phase:
retained austenite).
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Figure 4.5 Quenching cracks formed on the 60 °C water quenched 1045 steel.
4.2.2 Quantitative Analysis of Bainite content
The bainite phase amount, and shape may affect the wear properties. The lath-like,
needle-like bainite were isolated on optical microstructures and measured using ImageJ
software based on the contrast differences between the bainite, martensite or retained
austenite phases in the different microstructures. Figures 4.6(a) and 4.7(a) show oil
quenched sample and salt quenched sample for comparison. Both the samples were
examined at 1000X magnification since this magnification image is useful in determining
the bainite distribution according to the colour of the etched microstructure. The area
fractions (bainite content) were obtained from the black and white pictures on the Figure
4.6(b) and 4.7(b). Ten images were used for each sample and an average value has been
calculated. The results showed 13.4±1.3 % bainite in the microstructure of the sample
quenched in salt bath at 280 °C, whereas the microstructure of the sample quenched in oil
at 160 °C contained more bainite content at 19.5±1.5 %. The difference between the bainite
content is due to the difference in cooling rate resulting from the quenching media. Under
a lower quenching temperature (160 °C), the transformation of bainite starts earlier which
results in a higher fraction of bainite since the cooling rate is a little higher than that in the
280 °C. Moreover, the area fractions of ferrite and retained austenite were also measured
from the images, the salt quenched sample contained ferrite and retained austenite at
content 7.7±1.0 % while more ferritic and austenitic structures were observed in the oil
quenched sample around 8.6±1.1 %. The rest of area fractions were measured as martensite
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content, the oil quenched sample contained 71.9±1.2 % martensitic structures while the
content was obtained at 76.2±1.2 % in salt quenched sample.

(a) Optical micrograph

(b) After Image J software processing

Figure 4.6: Metallography of oil quenched samples, 1000X (a) optical micrograph, (b)
after Image J software processing in (a) calculated average bainite content: 19.5 %.

(a) Optical micrograph

(b) After Image J software processing

Figure 4.7: Metallography of salt quenched samples, 1000X (a) optical
micrograph, (b) after Image J software processing in (a) calculated average bainite
content: 13.4 %.
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4.3 Scanning electron micrographs of 1045 steel
4.3.1 Microstructures of heat treated and quenched samples
Figure 4.8 shows the typical microstructure of untreated 1045 steel consisting of
pearlite and ferrite. The large grey areas are pro-eutectoid ferrite. Regions having the
alternating light and dark lamellar structure are pearlite; the dark and light layers in the
pearlite correspond, respectively, to ferrite and cementite phases. During etching of the
surface prior to examination, the ferrite phase was preferentially dissolved; thus, the
pearlite appears in topographical relief with cementite layers being elevated above the
ferrite layers. Many cementite layers are so thin that adjacent phase boundaries are so close
together that they are indistinguishable at this magnification.

Figure 4.8 The SEM micrograph of initial ferrite-pearlite structure of AISI 1045 steel.
The bainitic microstructure can be better distinguished from other microstructures
under SEM with larger magnification, and Figure 4.9 and 4.10 show the SEM micrographs
of the induction hardened samples quenched in oil and salt bath. The typical
microstructures of the mixed lower bainite-martensite and the upper bainite-martensite are
observed respectively. The lower bainite consisted of tiny rod like white carbides aligned
at an angle or along the direction of growth of ferrite grains.
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It can be seen from Figure 4.9 that the lower bainite in mixed microstructures of
lower bainite-martensite appears in narrow feathery form, but Figure 4.10 shows the upper
bainite as broad, lath-like sheaves. The upper and lower bainite formed in different
morphologies due to the different mechanisms based on which growth and nucleation occur
at different temperatures. The growth of the upper bainite can be described as the
movement of a low coherent ferrite/austenite interface which necessitates some degree of
self-diffusion and leads to rather immobility of the interface [133]. Upper bainite is
obtained when carbon migrates relatively rapidly into the residual austenite grains, before
the carbides have an opportunity to precipitate. On the contrary, in the case of the lower
bainite the propagation of a more coherent interface becomes possible and therefore, little
or no self-diffusion required. This results in more rapid movement of the interface [134].
The formation of lower bainite caused by the carbon enrichment of the austenite because
of the upper bainite transformation, therefore the mixed microstructure of upper and lower
bainite is possible to form.

Figure 4.9 The SEM micrograph of induction hardened sample quenched in 160°C oil
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Figure 4.10 The SEM micrograph of induction hardened sample quenched in 280 °C salt
bath.
4.3.1 Cross-sectional metallography
The typical cross-sectional micromorphology of the heat treated and quenched steel
taken following the oil quenching and salt quenching are presented in Figure 4.11 and 4.12
respectively. There is no obvious heat affected zone (HAZ) to be found, and it can be
observed that the micromorphology of the heat treated layer is uniform from the top surface
to the core, which consists of the bainite, martensite and retained austenite. There is no
obvious difference between the microstructures on the cross-sectional surface and that on
the top surface which were discussed at section 4.3.1, where the oil quenched sample was
consisted of feathery lower bainite and martensite, whereas the salt quenched sample was
consisted of lath-like upper bainite and martensite.
The gas nitrided and borided samples were used as reference materials for their
wear resistance in comparison with bainitic structures, and their cross-sectional
microstructures taken under SEM are shown in Figures 4.13 and Figure 4.14 respectively.
The microstructure of the nitrided subsurface is generally composed of a thin compound
layer (CL) with a diffusion zone (DZ) underneath. Good wear resistance is usually ascribed
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to the compound layer and the hardened diffusion zone [16]. Figure 4.13 shows CL and a
porosity layer on the top and the microstructures of ferrite and pearlite containing nitrogen
precipitations in the diffusion zone. The diffusion zone consists of an interstitial solution
of nitrogen in the α-iron lattice and fine coherent and semicoherent nitride precipitates
formed due to the strong interaction of nitrogen with the alloying elements present in the
alloy [15]. It can be seen in Figure 4.13(a) the nitriding process did not cause any changes
in the size or percentage of the pearlite and ferrite phases. Based on image analyses, the
thickness of the compound layer was determined as 9 m, while that of the nitrided layer
was measured as around 150 m.
Figure 4.14 shows the micrographs of the cross section of borided AISI 1045 steel,
which reveal a typical microstructure of boride coatings with a multi-phase structure and
flat morphology. There are four different zones can be observed in the borided region, i)
the outermost zone is a FeB phase with high boron content; ii) the second zone which is
dominated by Fe2B phase; iii) a third zone is the region below the boride layers, which is
called the diffusion zone., iv) the fourth region is the steel substrate, which is not affected
by boron diffusion. It has been observed that the hardened depth of the continuously
borided needles is not as the uniform as nitrided layer. The case depth of the continuously
pack borided needles was found in the range of 65 - 90 µm. Even some of the borided teeth
went into the substrate as much as 90 µm deep, the average thickness of the single phase
Fe2B layer was about 75 µm.
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(a)

(b)

Figure 4.11: Typical backscattered electron (BSE) images of the cross-sectional
view of induction hardened sample quenched in 280°C salt, (a) 1200X, (b) 2500X.

(a)

(b)

Figure 4.12: Typical backscattered electron (BSE) images of the cross-sectional
view of induction hardened sample quenched in 160°C oil, (a) 1200X, (b) 2500X.
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(a)

(b)

Figure 4.13 Typical backscattered electron (BSE) images of the cross-sectional
view of nitrided 1045 steel. (b) High magnification of the region marked as (b) in
(a) showing the composition of nitrided layer.

(a)

(b)

Figure 4.14 Typical backscattered electron (BSE) images of the cross-sectional
view of borided 1045 steel. (b) High magnification of the region marked as (b) in
(a) showing the composition of borided layer.
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4.3 Hardness of 1045 steel
The Vickers microhardness of as-received and three types of surface treated 1045
steel were measured. The microhardness measurements are presented in two sections,
namely measurements of the surface hardness and measurements of cross-sections to help
establish the hardness gradient of the hardened region by heat treatment, gas nitriding and
electrochemical boriding.
4.3.1 Microhardness measurements of hardened surface
The Vickers hardness values taken from the surfaces of as-received (untreated),
induction hardened samples (using different quenching media) and nitrided, borided
samples are shown in Figure 4.15. According to the descriptions in previous section 4.3.2
associated with the depth of nitride and borided layers, it should be noted that the
dimensions of the indenter have to be shorter than the thickness of the layers in order to
obtain the precise microhardness. Therefore, the relatively low loads 50 gf was applied to
measure the hardness. The hardness is also influenced by the specific surface topography
and phase content of the area of indentation.
The as-received sample showed the lowest hardness value at 242.64 HV, whereas
the higher hardness was achieved on the surface treated samples. The sample quenched in
water at 60 °C showed the highest hardness value (553.02 HV) compared with the samples
quenched in salt bath and oil. The surface hardness value of the samples quenched in oil
(520.72 HV) was similar to that of the samples quenched in salt bath (530.18 HV). This
was consistent with the observations on the microstructures of these heat-treated samples
that consisted of different percentages of bainite. The hardness values can indicate the
phase transformation status, since the hardness measured is directly related to the volume
or quantity of bainitic and martensitic microstructures transformed. The standard deviation
for induction hardened samples is higher than that of non-heat treated and nitride samples
due to mixture of martensitic and bainitic microstructure.
The electrochemical boriding process produced the highest surface microhardness
of 1155 HV, followed by induction hardened and quenched samples, and then the nitrided
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sample. As it is well known, the hardness of the material is of great importance in resisting
the action of sliding forces during wear testing, these high hardness levels were expected
to result in a better wear performance in the following sliding tests. However, the
microhardness of the gas nitrided sample was increased to 418 HV which is still lower
compared to other surface treated samples. The untreated sample with ferritic/pearlitic
microstructure shows the lowest hardness of 242 HV which increased to over 500 HV after
induction hardened with upper and lower bainitic and martensitic microstructures.

Figure 4.15: Surface microhardness of untreated, borided, nitrided and induction hardened
1045 steel measured by 50 gf on the surface.
4.3.2 Microhardness of cross-sections
As mentioned previously, the cross-sectional measurements were made in order to
plot the hardness gradient which can help to define the boundaries of the hardended layer
and diffusion zone for nitrided and borided samples. Two measures were used to determine
the extent of the diffusion zone namely microhardness and metallography. The results of
75

through-thickness microhardness distributions are shown in Figures 4.16 to 4.18 for
induction heat treated (160 °C oil quenched), nitrided and borided 1045 steel as plotted
using Origin Pro software. The hardness depth is derived from the curve representing the
hardness over distance from the surface by measuring the distance from the surface to the
calculated hardness limit.
A similar microhardness gradient is seen for nitrided and borided cross-sectional
surface with the increasing of the distance from the surface, the hardness reduced. For the
steel treated by boriding, the maximum hardness value corresponds to the borided layer
reached 1310 HV and 72 μm thick Fe2B borided layer was formed. The hardness of nitrided
sample reached 426 HV at the compound layer and a 161 μm thick nitrided layer was
formed on the surface. It can be clearly seen that the depth of the diffusion zone measured
by metallography (dashed line in plots) is smaller than that determined by microhardness.
The possible reason is that the distributions of nitrogen and boron atom in α-Fe is not
visible using optical metallography but can increase the hardness in the diffusion zone.
For the steel heat treated at 820 °C for 2 minutes followed by 160 °C oil cooling,
the maximum hardness reached 564 HV and tended to fluctuate and exhibited a plateau
after 200 μm at 540 HV. There is no obvious change in hardness values as well as the
constant microstructures since the heat treated effect is fairly uniform in these small
samples.
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Figure 4.16 Relationship between the microhardness and distance from the induction heat
treated (160 °C oil quenched) surface, (a) cross-sectional microhardness distribution, (b)
metallography of induction heat treated region.
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Figure 4.17 Relationship between the microhardness and the distance from nitrided surface,
(a) Cross-sectional microhardness gradient, (b) metallography of nitrided region.
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Figure 4.18 Relationship between the microhardness and the distance from borided surface,
(a) Cross-sectional microhardness gradient, (b) metallography of borided region.
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4.5 Cooling curves on CCT diagram
Based on the results of hardness and microstructural investigations as shown in
Table 4.2, a continuous cooling transformation diagram for AISI 1045 steel was built and
is shown in Figure 4.19. It was observed that the temperature of the nose of “C” curve was
around 550 °C (the temperature of beginning of the transformation to bainite) and the time
to avoid the nose must be less than 5 seconds.
Table 4.1 Summary of measured and estimated hardness and microstructural
transformation of induction hardened AISI 1045 steel.

Following the blue cooling curve (AISI 1045 steel quenched in water at 60 °C), the
austenite directly transformed into martensite according to the discussion in section 4.2.
The austenite did not completely transform into martensite due to the cooling curve across
the martensitic phase region between Ms and Mf (Ms represents the beginning of the
transformation to martensite and Mf represents the end of the transformation to martensite).
At the end of the blue curve, the microstructure of the water-quenched sample consisted of
81.6±2.1 % martensite and 20.2±1.8 % retained austenite. Similar trends were observed on
the orange line (AISI 1045 steel quenched in salt bath at 280 °C) and the green line (AISI
1045 steel quenched in oil at 160 °C), but these two curves passed four different regions of
microstructure. The transformation began from ferrite, then to pearlite and bainite, and
finally ended at martensite. Accordingly, the microstructures of these samples consisted of
bainite, martensite, ferrite and pearlite. The oil-quenched sample contained more bainite
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(~19.5 %) and the less martensite compared with the salt-quenched sample, as indicated in
Section 4.2.2.

Figure 4.19 Continuous cooling transformation diagram combined with cooling curves for
induction hardened AISI 1045 steel – austenitized at 820°C for 2 minutes and quenched in
280°C salt, 160°C oil and 60°C water.
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4.6 Summary
The heat treatments were designed and conducted for AISI1045 steel; All induction
hardened samples went through the microstructure transformation from pearlite and ferrite
to the martensite and bainite. Induction heating at 820 °C for 2 minutes and then quenching
in the following modes: i) a salt bath composed of 60% KOH and 40% NaOH at 280 °C
holding for 10 seconds; and ii) quenching oil at 160 °C holding for 15 seconds both
improved the hardness of AISI 1045 steel to over 500HV without the formation of thermal
cracks. The second quenching method, i.e. the oil quenching, resulted in highest bainitic
percentage (~19.5 %) consisting of both lower bainite and upper bainite.
The microhardness data were collected and plotted against surface hardened depth.
The borided region had the highest hardness values ranging between 1100 HV and 1300
HV compared with hardness values ranging between 310 HV and 430 HV measured in the
nitrided region and hardness values ranging between 540 HV and 560 HV measured in the
heat treated samples. As the bainite content increased, the hardness values of the induction
hardened samples decreased. The hardness data indicated the bainite transformation status,
since the hardness is directly related to the volume or quantity of bainitic microstructure
transformed. The hardness value decreased with more volume of bainite transforming
according to the salt quenched sample show higher hardness (535 HV) and lower bainitic
percentage (~13.4 %) compared with the oil quenched sample. The average nitrided layer
thickness on the surface for the gas nitriding process is 161 μm, which was more than
double the borided layer (72 μm). The oil and salt quenched samples were subjected to
sliding wear tests to evaluate the wear resistance and study the wear mechanism compared
with nitrided and borided samples as described in Chapter 5.

82

CHAPTER 5
SLIDING WEAR BEHAVIOUR OF HEAT TREATED 1045 STEEL,
IN COMPARISON WITH NITRIDED AND BORIDED SURFACES
In this chapter, results of sliding wear tests are presented and a tribological analysis
of the wear mechanisms of steel pulley bores was conducted to investigate the sliding
damage processes in AISI 1045 steel treated in comparison with with gas nitriding,
electrochemical boriding and induction hardening. The purpose of these investigations was
to understand how wear occurred on steel pulley bores with different surface treatments on
a microscopic scale. Block-on-ring sliding wear tests were used to evaluate their
tribological properties with a constant velocity of 1m/s and load 44.48 N under dry,
lubricated and relative humidity conditions. Measurable mass loss value was 0.01 mg with
the balance used to determine the volumetric wear rates. Surface profilometer and scanning
electron microscopy (SEM) with energy dispersive X-ray spectroscope (EDS) were
employed to measure and observe the worn surfaces compositions and cross-sections
below worn surfaces (subsurfaces). The results were analyzed, discussed, and then
summarized.
5.1 Sliding wear behaviour of induction hardened 1045 steel
As discussed in Chapter 4, one typical heat treated bainitic sample need be selected
to investigated in more details to compare their wear performance with nitrided and borided
samples. The dry and lubricated sliding wear tests were firstly conducted on heat treated
bainitic samples to evaluate their wear resistance compared with untreated 1045 steel.
The heat treated 1045 samples described in Chapter 4 were tested using block-onring sliding wear tests at a constant load of 44.48 N and a speed of 1 m/s with three different
sliding distances, i.e., 1,000 m, 3,000 m, 5,000 m under dry and lubricated conditions.
According to the initial wear behaviour of the samples, additional tests with higher and
shorter sliding distance were carried out later. For simplicity, the hardened samples by
quenching in 160 °C oil and 280 °C molten salt were referred thereafter as HT-Oil and HTSalt, “HT” signifying heat treated, “oil” and “salt” represent the quchant.
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The dry wear volumetric losses were calculated according to Equation (5) and from
the mass loss of samples. The lubricated wear volume losses were measured by the surface
profilometer, the profiles of the wear track were measured and the section areas were
calculated by the Vision and Origin softwares, then the volume loss was calculated using
Equation (6) as discussed in section 3.3.3. The results are summarized in Table 5.1, and
the relationship between volume loss and sliding distance is shown in Figure 5.1, which
reveals that a near linear relationship exists between the volume loss and the sliding
distance. The volumetric losses were found to increase with increasing sliding distance
under both dry and lubricated conditions. The wear rate was obtained by calculating the
slope of the fitted lines in Figure 5.1, and the corresponding data are listed in Table 5.2.
Table 5.1 Dry and lubricated wear loss of induction hardened 1045 steel after different
sliding distance (1000m, 3000m, 5000m). (lubricant: Peerless LLG)

Table 5.2 Summary of wear rate and wear coefficient of induction hardened 1045 steel
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Figure 5.1. Wear volumetric losses against sliding distance curves for induction hardened
1045 steel in different environments, (a) dry, (b) lubricated.
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It can be clearly seen that the volumetric wear loss of heat-treated samples was over
one order of magnitude lower than that of the untreated sample after different sliding
distance; the HT-Oil sample showed the lowest wear rate which indicated the lowest wear
coefficient K as well in both dry and lubricated condition. The wear coefficient K of
samples in different conditions were calculated based on the transition of equation (8):
𝐾=

𝑊𝐻
𝑃

(10)

Where W is the wear rate; P is the applied load; H is the hardness of the material. K is a
dimensionless constant determined by wear conditions and contact materials to
characterize and correlate the wear of materials. The K of heat treated samples was one
order of magnitude lower than that of the untreated samples.
The wear track of the counter-face 52100 steel ring was shown in Figure 5.2, and
Figure 5.3 to 5.7 illustrated the optical images of the wear tracks, from which we can see
that the wear tracks of the untreated sample were the widest compared to that of the heat
treated samples after sliding at different distances. In addition, the wear tracks of the salt
quenched samples were wider and deeper than those of the oil quenched samples. The
material transfer from the counter-face ring to the block sample surfaces also can be
observed in the wear tracks of untreated and heat treated samples.
It was observed that oil quenched sample contains more bainite as the fraction of
19.5%, while salt quenched sample contains 13.4% bainite but relatively higher content of
martensite due to the higher hardness as discussed in Sections 4.2.2. Thus, it is possible
that the increasing bainite content lead to wear rate reduction. Therefore, the wear
resistance of 1045 steel is improved greatly by the induction hardening, and the oil
quenched sample with higher bainite content that exhibits the better wear performance is
chosen for the further study compared with nitrided and borided samples.
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Figure 5.2 Dry wear track of counterface 52100 steel ring

Figure 5.3 Dry wear tracks of untreated AISI 1045 steel sample tested to different sliding
distances, (a) 1000m, (b) 3000m, (c) 5000m.

Figure 5.4 Dry wear track of oil quenched AISI 1045 steel sample with different sliding
distance, (a) 1000m, (b) 3000m, (c) 5000m
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Figure 5.5 Dry wear track of salt bath quenched AISI 1045 steel sample with different
sliding distance, (a) 1000m, (b) 3000m, (c) 5000m

Figure 5.6 Lubricated wear track of 1045 steel sample quenched in salt bath at 280 °C with
different sliding distance (Lubricant: Peerless LLG), (a) 1000m, (b) 3000m, (c) 5000m.

Figure 5.7 Lubricated wear track of 1045 steel sample quenched in oil at 160 °C with
different sliding distance (Lubricant: Peerless LLG), (a) 1000m, (b) 3000m, (c) 5000m.
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5.2 Dry sliding wear behaviour of surface treated 1045 steel
5.2.1 Wear volume loss
As observed earlier in Section 5.1, the wear resistance of oil quenched sample was
relatively high compared to salt quenched sample in dry and lubricated sliding wear tests.
The same experiments conducted on the nitrided and borided samples, with block sample
sliding against 52100 ring at 1 m/s speed, 44.45 N load and the results were used to make
a comparison with oil quenched sample to further validate the wear performance of heat
treated samples. The samples were tested for 500 m, 1000 m, 3000 m, and 5000 m sliding
distance and the wear loss results are presented in Table 5.3 and plotted in Figure 5.8.
It can be seen in Figure 5.8, the wear curves for untreated, nitrided, borided and oil
quenched 1045 steel after dry sliding tests could be divided into two sections:
1) Running-in stage: determined by using the data in the region of sliding distance
from 0 – 1000 m, with a large slope;
2) Steady-state stage: determined by using the data in the region of sliding distance
from 1000 – 5000 m, with a small slope.
Table 5.3 Summary of wear loss for untreated, nitrided, borided and oil quenched 1045
steel after five sliding distance under dry sliding tests.
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Figure 5.8 Wear volumetric losses against sliding distance curves for untreated, nitrided,
borided and oil quenched 1045 steel under dry sliding test.
The wear loss of untreated, nitrided and borided samples increased relatively
rapidly during the early running-in stage compared to the steady increase after 1000 m
sliding distance considered to be the steady-state stage. The initial increase could be a
geometrical effect of moving from a flat surface to a curved surface where wear rates can
reach an equilibrium. The wear rate of the steady state stage was derived from the data
where a linear relation between volume loss and sliding distance occurred, and the results
are listed in Table 5.4. The wear rate of the running-in stage was one order of magnitude
higher than that of the steady-state stage. The Oil quenched sample still showed the lowest
wear rate both at running-in stage (2.55 × 10-5 mm3/m) and steady-state stage (2.13 × 10-6
mm3/m), while the wear rates of nitrided and borided samples were one order of magnitude
higher than them. Although there is a rapid rise of wear loss of borided sample in the initial
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running-in stage, the wear rate tends to stabilize at 2.80 ×10-5 mm3/m and the trend of the
volumetric wear loss curve was close to that of oil quenched sample.
Table 5.4 Summary of wear rate for untreated, nitrided, borided and oil quenched 1045
steel.

5.2.2 Observation of Worn Surfaces
Figures 5.9 - 5.12 show the optical images of the wear tracks after 1000 m, 3000 m
and 5000 m, where we can observe that the wear tracks of the nitrided and borided samples
are relatively smoother and flatter than those of the oil quenched samples. However, the
wear tracks of the untreated and nitrided samples are much wider and deeper than those of
borided and oil quenched samples.
Figure 5.13 shows the typical SEM micrographs of dry wear track morphologies of
untreated, nitrided and oil quenched samples after 5000 m sliding test, in which, the surface
was ground and the accumulation of the wear debris can be observed. The white curve
marked the boundary of the wear track where some shallow grooves parallel to the sliding
direction were generated. There was no evidence of craters or cavities for untreated and
nitrided samples, However, some patches indicated some shearing were observed on the
oil quenched sample.
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Figure 5.9 Dry wear tracks of untreated AISI 1045 steel sample tested to different sliding
distances, (a) 1000m, (b) 3000m, (c) 5000m.

Figure 5.10 Dry wear track of oil quenched AISI 1045 steel sample with different sliding
distance, (a) 1000m, (b) 3000m, (c) 5000m

Figure 5.11 Dry wear tracks of nitrided AISI 1045 steel sample tested to different sliding
distances, (a) 1000m, (b) 3000m, (c) 5000m

Figure 5.12 Dry wear track of borided AISI 1045 steel sample with different sliding
distance, (a) 1000m, (b) 3000m, (c) 5000m
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Figure 5.13 SEM micrographs of wear tracks on different surface treated 1045 steel after
5000 m of dry sliding test, (a) untreated, (c) oil quenched, (b) nitrided. The dotted line
marks the boundary between the wear track, and the white arrow indicates the sliding
direction.

In order to further study, the worn morphology of the hardened layer, the higher
magnification SEM morphological photographs with EDS mapping of untreated, oil
quenched, nitrided, and borided samples are presented in Figure 5.13. The chemical
composition of the wear debris and smooth region were determined by EDS, which
demonstrated that the worn surface mainly consisted of deposited oxide and the smooth
region exposed was the matrix of the steel. As the sliding tests progressed, a scaly texture
was formed along the direction of wear as shown in Figure 5.13(a).
It can be seen in Figure 5.14 (b), a large amount of iron oxide formed on the worn
surface of untreated sample. The oxidation is attributed to the friction heat generated in the
vicinity of the contact surface that considerably increased the temperature. However, there
was one important difference found that the worn surface of oil quenched sample was not
oxidized to the same extent as the untreated sample, although it also exhibited oxidational
wear. The oxidation the on worn surface of nitrided and borided samples was also detected
as shown in Figure 5.14 (f) and (h), but the generation of oxides needs to be further studied
to identify whether the tribolayer transformed from the conterface steel ring, or the matrix
1045 steel oxidized after the nitrided and borided layers wore off in the dry sliding wear
tests.
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(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 5.14 SEM images of showing worn surface morphologies of 1045 steel after 5000
m sliding test with EDS mapping images showing the distribution of oxide, (a)(b)
untreated, (c)(d) oil quenched, (e)(f) nitrided, (g)(h) borided.
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Figure 5.15 Micro-Raman spectra taken from wear tracks formed on untreated, oil
quenched, nitrided, borided 1045 steel under dry condition after 5000 m sliding test.

Raman tests were conducted on the worn surface after sliding tests to determine the
evolution of oxidized tribolayers. The Raman spectrum was used to identify oxide

compositions as shown in Figure 5.15. During dry sliding tests, the compositions of slidinginduced surface oxides were dominated by the mixture of Fe2O3 and Fe3O4 phases of all
types of samples. Raman peaks at 219, 290, 403, 495 599, 808 and 1311 cm-1 indicated the
formation of Fe2O3 phase. Fe3O4 phase was identified by the peaks at 301, 534 and 664
cm-1 [138-139]. The boric oxide B2O3 was possibly detected due to the peaks of boron
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oxide, boric acid and Fe2O3 would appear at the same Raman peak (495 and 808 cm-1)
[140]. Thus, the tribolayer covered on the worn surface of untreated, heat treated bainitic
samples mainly consisted of a mixture of Fe2O3 and Fe3O4 phases and the wear mechanism
was mainly dominated by oxidation wear. According to some studies, the formation of
oxides can cause an effective reduction in the friction coefficient, thereby slowing the wear
rate [136-137].
5.2.3 Cross- Sectional Observation of Worn Subsurface
The SEM micrographs in Figure 5.16 to 5.19 provided cross-sectional views of
worn surfaces after 5000 m dry sliding tests revealing a plastically deformed zone beneath
the worn surfaces of untreated, nitrided, oil quenched and borided samples. The subsurface
region indicates that this region is characterized by a flow pattern in which the grain
boundaries are increasingly bent towards an orientation the wear direction nearly parallel
to the contact surface. Subsurface microstructures reveal the level of damage in the
tribolayers, and the deformation of microstructures below the tribolayers.
The morphology of the deformation layer in untreated 1045 sample exhibits a wavy
shape, and the sharply deformed area with numerous voids and cracks can be observed
under the contact surface as shown in Figure 5.16. It can be clearly seen at high
magnification that the microstructure at the top-most layer is almost amorphous due to
severe deformation at the contact surface. In this area, the typical pearlitic microstructures
disappeared in the subsurface layer instead of showing extensive fragmentation, which
consisted of the fractured cementite arranged along the tangential direction of the sliding
direction during the severe deformation process as shown in Figure 5.16(b) [141-143].
With increasing the depth of the deformed layer, the extent of deformation gradually
decreased where the thickness of the deformed zone was measured as 45 μm. Also, the
shear strain decreased as the distance from the wear surface increased.
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Figure 5.16 The SEM micrographs of subsurface layers below the worn surface of
untreated 1045 steel after 5000 m dry sliding wear test, (b) High magnification image of
the region marked as (b) in (a).

Figure 5.17 The SEM micrograph of subsurface across the depth of worn surface layers of
oil quenched 1045 steel after 5000 m dry sliding wear test.
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Figure 5.17 shows the morphology of the subsurface for an oil quenched sample.
No obvious material delamination was found, and only a sparse distribution of sub-surface
fatigue cracks or voids could be observed along a direction parallel with the subsurface. A
thinner 16 μm deformed layer was found with the strained mixed microstructures of
martensite and bainite as well as the finer cementite layer which contains smaller
spheroidal cementite uniformly distributed in the deformed region. The layer was
continuous and quite adherent to the matrix structure with limited porosity. On the one
hand, some researchers indicated the cementite can partially re-dissolve into the matrix due
to the accumulated deformation energy storage reduced the thermal stability of cementite
during the severe deformation process [144]. Therefore, the wear rate was slowed down by
the spherical layers with the spheroidisation of deformed and fractured cementite in the
sub-surface.
On the other hand, the reaustenitization followed by martensitic transformation
could be the reason resulted in the surface hardening around the worn surface to resist the
sliding wear [159]. The bainite firstly got strained and deformed at the beginning. As the
sliding continues, the temperature of the contacting surface could be increased to the
austenitization temperature at the very short time (~10-3 - 10-4 s) by frictional heating, and
then the contacting surface followed by very rapidly quenching with colder subsurface
[135]. The worn surface layer was hardened in terms of the increased hardness level of
austenitized layer due to the transformation of martensite. However, the produced
martensitic structure was so small that only can be found within the narrow region (up to
1 μm) of the subsurface. Therefore, the better wear performance of oil quenched sample
can be attributed to a possibly hardened thin layer comprising of the reaustenitized and
quenched martensite and its followed work hardening by friction [159].
In addition, the presence of bainite also made a contribution to improve the wear
performance. The mixture of bainite and martensite provided high hardness which
naturally resists the subsurface deformation, Moreover, the finer, harder and tougher
bainitic structures transformed at low temperatures devoid of brittle martensite or carbide,
have been shown to resist wear better than other structures having even higher hardness
due to their combination of hardness and toughness. High toughness reduced generation of
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wear debris by microfracture resulting in wear rates lower than those exhibited by any of
the other microstructural variants [145-147]. Under sliding wear conditions, the hardness
of bainite does not correlate well with the wear resistance. Rather it is the extent of
refinement of the structure in which the soft, coarse pearlitic structures was refined to a
hard and fine bainitic structures that plays a major role.
Figures 5.18 and 5.19 show the subsurface microstructures of the nitrided and
borided samples. It can be clearly seen in Figure 5.18(b)and Figure 5.19 (c), the nitrided
compound layer and borided hardened layer were almost (but not completely) worn away
after 5000 m dry sliding test. Hence the iron oxides (Fe2O3 and Fe3O4) detected in the 5.2.2
were tribolayers that transferred from the counterface (52100 steel ring) to the worn surface
of nitrided and borided samples. The hard nitrided and borided surfaces can firmly retain
the protective transfer layer, thereby reducing direct contact between the sample and the
counter face. Therefore, the adhesive will also be considered as the wear mechanism of
nitrided and borided samples.

Figure 5.18 The SEM micrographs of subsurface across the depth of worn surface layers
of nitrided 1045 steel after 5000 m dry sliding wear test, (b) High magnification image of
the region marked as (b) in (a).
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Figure 5.19 The SEM micrographs of subsurface across the depth of worn surface layers
of borided 1045 steel after 5000 m dry sliding wear test, (a) overview of the wear track,
High magnification images of the region marked as (b), (c), (d) in (a).

The nitrided layer was quite adherent to the matrix material, which is the reason
that the delamination wear of nitrided sample was high, and the small deformation zone
area was observed below the nitrided layer. The borided layers also exhibit strong bonds
with the base steel matrix. After sliding, the borided layer is still not completely removed
even at the deepest point of the wear track, and the residual borided layer was around 13.1
μm. According to the previous study, the borided sample exhibited the highest hardness
value in the microhardness test, which was expected to show the great wear resistance in
the sliding test. However, surface cracks were observed in the borided layer, which
indicates a decrease in fracture toughness. Toughness is another key factor affecting the
ability of withstanding more deformation without breaking during the sliding wear. It can
be predicted that there will be an increase of the wear loss for borided and nitrided samples
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when the surface treated layers are completely worn off at longer sliding distance such as
10000 m.
5.3 Summary of dry sliding wear
The wear resistance of AISI 1045 steel was improved greatly by the heat treatment,
nitriding and boriding treatments under dry sliding conditions compared to the as received
1045 steel. The sample with higher bainite content (19.5 %) that was heated to 820 °C and
160 °C oil quenched showed the best wear performance after dry sliding wear tests. The
wear rate of the oil quenched partially bainitic steel was determined as 2.13 × 10-6 mm3/m
in the steady-state wear period, which was over one order of magnitude lower than that of
the nitrided and borided samples, and also much less than that of the untreated sample.
Iron oxides were detected on the worn surface of untreated, oil quenched, nitrided
and borided samples, which consisted of a mixture of Fe2O3 and Fe3O4 phases generated
by the friction heat. The wear was mainly dominated by oxidation wear of untreated and
oil quenched samples, while the wear of nitrided and borided samples was dominated by
adhesive wear since the nitrided and borided layers were both not completely worn off
during dry wear sliding process. The worn surface was covered by the tribolayer that
transformed from the counterface 52100 steel ring. In addition, the oxidation degree on the
worn surface of oil quenched samples is lower than that of the untreated sample.
The sliding wear induced microstructural changes at the surface and subsurface
layer, also the plastically deformed layer were observed below the wear tracks. Formation
of a layer that consisted of fractured cementite that was observed in the subsurface of oil
quenched sample. The finer and more uniform carbides distributed in this layer was
considered to reduce the wear rate. By increasing the bainite volume fraction in the mixed
bainite-martensite microstructures, the wear resistance improved because of the relatively
higher hardness and possibly higher toughness (no quenching cracks) compared with other
microstructures.
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5.4 Lubricated sliding wear behaviour of heat treated nitride and borided 1045 steel
with lubricant Peerless LLG.
5.4.1 Surface roughness
Surface profiles can be considered to be comprised of a certain number of peaks of
varying heights and an equal number of valleys of varying depths. The apparatus used in
this study was a three dimensional profilometer. The measured surface texture parameters
and 3-D profilometry images of the samples prior to sliding wear tests are given in Table
5.5 and plotted in Figure 5.20, it can be seen of the untreated and induction hardened
samples showed grooves with non-uniform depths. The untreated samples showed the
highest value of surface roughness, the average surface roughness (Sa) of which goes to
2.46 µm, while the average surface roughness of oil quenched and salt quenched samples
are around 2.2 µm. In general, the smoothest surface is observed on the nitrided sample
which shows the lowest surface roughness 0.36 µm.
The number of real “peaks” is considerably less than the number of “peaks” that
are recorded due to the stylus will register a “peak” even when it only traverses a shoulder
of an actual “peak”. The reduced peak height (Spk) was suggested to indicate the height to
be readily removed during the wear process, thus the untreated sample showing the highest
value of Spk is expected to experience a higher degree of wear loss compared to the other
surface treated samples, which will be examined in the following sliding tests.

5.4.2 Wear performance comparison
In order to examine the lubricated wear performance of and oil quenched nitrided,
borided samples sliding tests were conducted on block-on-ring tribometer at 1 m/s speed,
44.45 N load with a grease-like calcium sulphonate complex thickened lubricant (Peerless
LLG). The sliding distance was extended to 15000 m to determine the long time durability
of surface treated samples.
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The optical profilometer images (Wyko) taken from the worn surface after
lubricated sliding tests, and the wear scar geometric profiles of surface treated samples at
different sliding distance are as shown in Figure 5.21. The outline curves were averaged
from five profiles scan data for each sample, and the volumetric wear loss and penetration
depth were measured and calculated accordingly. The wear scar width and depth of all
surface treated samples increased with the prolonged sliding distance. The nitrided sample
showed the largest penetration around 7.42 μm and also the widest wear track as 1.03 mm
at 15000 m sliding distance, which were almost two times deeper and wider than those of
the oil quenched sample. The scar depth of nitrided sample changed significantly after 3000
m, while that of the borided and oil quenched samples were relatively slightly increased.
The results of tests on samples tested for 500 m, 1000 m, 3000 m, 5000 m and
15000 m sliding distance are presented in Table 5.6 and plotted in Figure 5.22. The wear
volumetric losses against sliding distance curves could be divided into running-in stage (01000 m) and steady-state stage (1000-15000 m), and the wear rate of each stage was
derived from the data where a linear relation between volume loss and sliding distance.
Figure 5.23 illustrates the results of wear rates and corresponding wear coefficient which
was calculated according to Equation (10). The wear rates in the lubricated condition were
one order of magnitude lower than those for the dry condition for all surface treated
samples. The oil quenched sample had the highest wear resistance as it showed the lowest
wear rate both in the running-in stage and steady-state stage, while the borided samples
also presented good wear performance when the wear rates reached an equilibrium. The
nitrided, borided and oil quenched samples all exhibited the long-time durability in this
condition.
5.4.3 Observation of Worn Surfaces
Figures 5.24 to 5.26 show the optical photographs of worn surfaces of the samples
tested to different sliding distances. It can be observed that the wear tracks of the nitrided
and borided samples were wider than those of the oil quenched samples. Then the typical
SEM micrographs of lubricated wear tracks of the nitrided, borided and oil quenched
samples after 15000 m lubricated sliding test were shown Figure 5.27. The scratches on
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the surface of the oil quenched sample were not as obvious as those observed on the nitrided
and borided samples. The grooves were generated parallel to the sliding direction in the
wear tracks of the nitrided and borided samples, whereas a large smooth area was observed
without the accumulation of oxide on the worn surface of oil quenched sample.

Table 5.5. Surface texture parameters of AISI 1045 steel with different surface treated
methods.
Surface
condition
Untreated

Sa (um)

Sq (um)

Sk (nm)

Spk (nm)

Svk (nm)

2.46±0.06

3.06±0.03

8433.4±48.5

6314.4±51.4

3489.5±129.5

Nitrided

0.36±0.008

0.58±0.01

1135.3±34.5

1725.63±7.5

1220.2±46.6

HT-Oil

2.29±0.07

3.46±0.03

6246.4±22.1

3028.5±65.7

3746.3±122.3

HT-Salt

2.19±0.05

2.99±0.04

6909.8±32.3

4411.6±59.7

3339.8±107.4

Table 5.6 Summary of wear loss and penetration depth for nitrided, borided and oil
quenched 1045 steel after five sliding distance under lubricated sliding tests with Peerless
LLG.
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Figure 5.20 3-D optical profilometry images of different AISI 1045 steel specimens, (a)
as- received, (b) nitrided, (c) quenched in oil at 160 °C, (d) quenched in salt bath at 280
°C, (e) borided.
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Figure 5.21 Wear scar geometric profiles of surface treated 1045 steel under lubricated
sliding wear tests at different sliding distances with Peerless LLG, (a) oil quenched, (b)
nitrided, (c) borided.
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Figure 5.22 Wear volumetric losses against sliding distance curves for nitrided, borided
and oil quenched 1045 steel under lubricated sliding tests with Peerless LLG.
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Figure 5.23 Wear rate and wear coefficient for nitrided, borided and oil quenched 1045
steel after lubricated sliding tests with Peerless LLG, (a) wear rate, (b) wear coefficient.
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Figure 5.24 Lubricated wear track of oil quenched 1045 steel sample with different sliding
distance (Lubricant: Peerless LLG), (a) 1000m, (b) 5000m, (c) 15000m.

Figure 5.25 Lubricated wear track of nitrided 1045 steel sample with different sliding
distance (Lubricant: Peerless LLG), (a) 1000m, (b) 5000m, (c) 15000m.

Figure 5.26 Lubricated wear track of borided 1045 steel sample with different sliding
distance (Lubricant: Peerless LLG), (a) 1000m, (b) 5000m, (c) 15000m.
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(f)

Figure 5.27 SEM micrographs of wear tracks on different surface treated 1045 steel after
15000 m lubricated sliding test, (a) oil quenched, (c) nitrided, (e) borided, high
magnification image of the region marked as (b), (d), (f) in (a), (c), (e) respectively.
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5.5 Effect of boric acid film on wear behaviour of borided 1045 steel
The borided 1045 steel exhibited excellent wear resistance in the dry and lubricated
sliding tests (See Sections 5.2 and 5.3). In order to explore the role of the self-lubricating
boric acid film (H3BO3) on the wear behaviour for borided steel, the dry sliding tests were
conducted on the borided and SAP borided samples. Formation of a uniform film of selflubricating boric acid (H3BO3) due to the spontaneous reaction between the boron oxide
and relative humidity in the environment possibly results in the reduction in wear [128].
There are two criteria to form a boric acid film, one is the temperature should be over
750°C and the other is the relative humidity should be over 40% (RH). The borided sample
treated with short annealing process (SAP) consisted of
1.

Heating process: annealing the borided 1045 sample at 750 C for 5 minutes
and then;

2. Cooling process: air cooling in a humidity controlled chamber with 40 %
RH.
The boric acid film was generated by the following the two reactions [148]:
2𝐵 +

3
𝑂 → 𝐵2 𝑂3 (𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑝𝑟𝑜𝑐𝑒𝑠𝑠)
2 2

1
3
𝐵2 𝑂3 + 𝐻2 𝑂 → 𝐻3 𝐵𝑂3 (𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑝𝑟𝑜𝑐𝑒𝑠𝑠)
2
2

(11)

(12)

The heating process was such that the borided sample underwent oxidation at 750°C for
the formation of boron oxide (B2O3); and the cooling process caused the boron oxide to
have a reaction with hydrogen atoms to generate the (H3BO3) film.
The presence of the H3BO3 film on the surface of the boride layers was
characterized by X-ray diffraction (XRD) and Raman spectroscopy. The results are shown
in Figure 5.28 and 5.29 respectively. The iron boride phase, Fe(BO2)2 and (FeO.B2O3) were
detected via XRD analysis (Figure 5.28). B2O3 and H3BO3 peaks and the distinct boric acid
peak with the highlighted shouldering area have been identified through Raman
spectroscopy analysis as shown in Figure 5.29.
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Figure 5.28 XRD spectra of borided 1045 steel after a short annealing process (SAP) and
cooling in the presence of 40% of RH.

Figure 5.29 Raman spectra of annealed of borided 1045 steel samples and the H3BO3 (boric
acid) surface film.
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As the XRD and Raman results indicated, the probably phase formations during the
annealing process in a humid environment could be described by the following equation
between O2 and Fe2B:
6𝐹𝑒2 𝐵 + 13𝑂3 + 𝐻2 𝑂 → 2𝐹𝑒𝑂. 𝐵2 𝑂3 + 5𝐹𝑒2 𝑂3 + 𝐵2 𝑂3

(13)

According to the results, it is possible to assume that a compact film of H3BO3 was formed
on the surface of the SAP borided steel.
The borided and SAP treated 1045 samples were subjected to dry sliding wear test
at a constant load of 44.48 N and a speed of 1 m/s under a controlled humidity atmosphere
RH (25%). Figure 5.30 shows the volume losses of the borided and SAP samples after
1000 m dry sliding wear tests. The SAP sample presented a remarkably lower volume loss,
namely about one order of magnitude reduction in wear compared to the borided sample
that were not processed with SAP.

Figure 5.30 Wear volume losses of borided and SAP trated samples during block-on-ring
dry sliding wear tests after 1000 m.
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The Raman spectroscopy analysis was conducted on the worn surface after the
sliding wear tests, and the results are shown in Figure 5.31. The boric acid layer was still
detected in the SAP samples whereas the borided sample did not form such layer. This
result confirmed that the generated boric acid film can be considered as a self-lubricating
film that improves the ability of the surface to withstand sliding wear.

Figure 5.31 Raman spectra of the wear track for borided and SAP treated 1045 steel after
1000 m dry sliding wear tests.
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CHAPTER 6
CONCLUSIONS
As mentioned in the Introduction, one of the intended applications of the heat
treated 1045 steel in this research was an automotive pulley bore with a desired hardness
and wear resistance. Heat treatments were conducted on AISI 1045 steel steel samples
using an induction heater and three different quenching media encompassing salt, oil and
water. The microstructures and wear performances of heat treated AISI 1045 steel steel
were characterized after dry and lubricated sliding wear tests using a block-on-ring (AISI
52100 type steel) configuration. The wear test results were compared with those of the gas
nitrided and electrochemically borided 1045 steel. The main conclusion could be
summarized as follows:
1) Induction heating at 820 °C for 2 minutes and then quenching of AISI 1045 steel
in the following modes: i) a salt bath composed of 60% KOH and 40% NaOH to
280 °C and holding for 15 seconds; and ii) quenching oil to 160 °C and holding
for 15 seconds can both increase the hardness to over 500HV without the
formation of quenching cracks. The second quenching method, i.e. the oil
quenching, resulted in the highest bainite percentage (~19.5 %) consisted of lower
bainitic and martensitic structures.
2) The gas nitriding process produced a compound layer thickness of 8-10 μm, a
low surface roughness (0.35-0.37 μm, Ra), and the surface hardness values
ranging between 310 HV-430 HV.
3) The hardened layer thickness in phase homogenization electrochemical borided
(PHEB) sample was larger (72 μm), and the borided region showed the highest
hardness values ranging between 1100 HV- 1300 HV.
4) Under dry and lubricated sliding wear tests, the wear resistance of AISI 1045 steel
was improved greatly by the 820 °C induction heated treatments compared to the
untreated 1045 steel, and the wear rates of 160 °C oil quenched sample with
higher bainite content were lower than that of 280 °C salt quenched sample in
both conditions.
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5) The wear rate of the oil quenched partially bainitic steel in the dry sliding
condition was determined as 2.13 × 10-6 mm3/m in the steady-state wear period,
which was over one order of magnitude lower than that of the nitrided and borided
samples, and also much less than that of the untreated sample; the wear rate of
the oil quenched bainitic steel in the lubricated sliding condition (Peerless LLG)
was 5.75× 10-7 mm3/m, which was 50% lower than that of the nitrided sample.
6) The worn surface of untreated, oil quenched, nitrided and borided samples was
covered by a tribolayer that consisted of a mixture of Fe2O3 and Fe3O4 phases
generated by the friction heat. The wear was mainly dominated by oxidation wear
of untreated and oil quenched samples, while the wear of nitrided and borided
samples was dominated by adhesive wear. In addition, the oxidation degree on
the worn surface of oil quenched samples was lower than that of the untreated
sample.
7) The sliding wear induced microstructural changes at the surface and subsurface
layer, (the plastically deformed layer) were observed below the wear tracks. The
formation of a layer that consisted of fractured cementite was observed in the
subsurface of oil quenched sample. The finer and more uniform carbides
distributed in this layer were considered to reduce the wear rate.
8) By increasing the bainitic structures volume fraction in the mixed bainitemartensite microstructures, the wear resistance improved because of the
relatively higher hardness and possibly higher toughness (no quenching cracks)
compared with other microstructures.
9) The boric acid film generated by the SAP process (Heating at 750 °C for 5
minutes and cooling at 40 % RH) on borided 1045 steel was considered as a selflubricated film that improves the ability to withstand sliding wear.
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CHAPTER 7
RECOMMENDATIONS FOR FUTURE WORK

Based on this research, the following work is suggested to further understand the
improvement of wear resistance on the surface treated 1045 steel:
1) The hardness and higher magnification SEM analysis of the fractured cementite
layer should be further investigated to study the wear mechanism and examine
whether the hardened layer improves the wear resistance.
2) Nanoindentation tests and TEM analysis of the possible hardened surface could
be conducted to examine the bainitic structure hardened by reaustenitization at
the surface with subsequent martensitic transformation.
3) The toughness of different surface treated 1045 steel could be investigated to
observe how toughness correlates with wear resistance.
4) The coefficient of friction values of borided steel surface and those of the heat
treated steel should be measured, which would provide further insight to the
tribological properties of these surface treated steels.
5) The formation and effect of self-lubricating boric acid film should be identified
on the surface of borided 1045 steel in higher relative humidity environment,
i.e. 60% RH or even 80% RH. The effect of relative humidity on the tribological
properties of borided and SAP borided AISI 1045 steel could be studied as well.
6) The cross-sectional SEM analysis of borided and SAP borided samples should
be carried out, which can provide more information to compare the depth of
abrasion and the depth of the deborided region after sliding wear tests.
7) Longer sliding distances such as 10000 m or 15000 m should be conducted on
dry sliding tests to observe the wear behavior of nitrided and borided samples
when the borided layer or nitrided compound layer is broken.
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APPENDICES
Industrial interests: Lubricated sliding wear behaviour of surface treated 1045 steel
with lubricant Krytox.
In order to compare tribological compatibility between two lubricants, the nitrided
and oil quenched samples was selected to conduct the lubricated wear tests with a new type
of lubricant, perfluoropolyether (PFPE) grease (Krytox). The samples were tested with the
same condition at 1 m/s speed, 44.45 N load and the lubricated volumetric wear loss with
Krytox was shown in Figure A.1 and the corresponding data are listed in Table A.1.
The use of lubricant Krytox showed lower wear losses on both the nitrided and the
oil-quenched samples compared with the use of lubricant Peerless LLG. The wear rate of
nitrided sample was over one order of magnitude lower than that of previous lubricated
wear test with lubricant Peerless LLG, and the wear rate of oil quenched sample was five
times lower as well. It can be seen in Figure A.1, the wear loss increased rapidly during the
early running-in stage and then grew steadily after 5000 m sliding distance at the steadystate stage. As mentioned previously, the wear rate of the oil quenched samples still lower
than that of nitrided sample both at running-in stage and steady-state stage. The wear rates
and the wear coefficients of the samples under different conditions were calculated and the
results are listed in Table A.2. According to the results, it is obvious that the wear resistance
of oil quenched sample showed enhanced wear resistance compared with the untreated,
borided and nitrided samples at both dry and lubricated conditions.
The degree of wear can be clearly characterized by the scar outline of the wear
track. Figures A.2 to A.3 show the 3-D profilometry images that combined with 2-D
surface profiles of surface damage on the nitride and oil-quenched samples after lubricated
sliding wear tests. In Peerless LLG lubricated wear tests, the width of wear track on these
two specimens changed slightly and also the penetration depth of wear track became deeper
with increasing the sliding distance. The nitrided samples showed the largest penetration
depth around 4.74 µm at 15000 m sliding distance, while the oil quenched sample had the
lowest penetration depth, 2.56 µm. It can be observed that the width of wear track did not
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change significantly but the penetration depth kept growing on the nitrided sample,
whereas on the oil-quenched sample the penetration depth stabilized at 2.5 µm after 10,000
m sliding distance in Krytox lubricated wear tests. The wear depth was plotted against the
sliding distance and is shown in Figure A.4. At the same sliding distance, the samples with
lubricant Krytox had lower penetration depths compared with those obtained in the wear
tests using lubricant Peerless LLG.
The microstructure significantly affects the scratches characteristics of the worn
surfaces. When the friction pairs pass through the surface of the sample, the steel was
removed and leaving the wear track. The optical photographs of worn surfaces of the nitride
and oil quenched samples tested at different sliding distances with Krytox are shown in
Figures A.5 and A4.6. It can be seen that the morphologies of wear tracks changed slightly
for both borided and nitrided samples with the increasing of the sliding distance, and the
scratches on the surface were not as obvious as those observed after the wear tests using
lubricant Peerless LLG.
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Figure A.1 Wear volumetric losses against sliding distance curves for nitrided and oil
quenched 1045 steel under lubricated sliding tests with Krytox.
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Table A.1 Summary of wear loss and penetration depth for nitrided and oil quenched 1045
steel after five sliding distance under lubricated sliding tests with Krytox.

Table A.2 Summary of wear rate for nitrided and oil quenched 1045 steel after lubricated
sliding tests with Krytox.
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Figure A.2 Lubricated wear penetration depth for nitrided AISI 1045 steel sample
(Lubricant: Krytox) with different sliding distance, (a) 500 m, (b) 1000 m, (c) 5000 m, (d)
10000 m, (e) 150000 m.
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Figure A.3 Lubricated wear penetration depth for AISI 1045 steel quenched in oil at 160 °C
(Lubricant: Krytox) with different sliding distance, (a) 500 m, (b) 1000 m, (c) 5000 m, (d)
10000 m, (e) 150000 m.
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Figure A.4 Average lubricated wear penetration depth against sliding distance for nitrided
and quenched in oil at 160 °C AISI 1045 steel sample at an applied load of 44.48 N with
Krytox.
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Figure A.5 Lubricated wear track of nitrided AISI 1045 steel sample with different sliding
distance (Lubricant: Krytox), (a) 500m, (b) 1000m, (c) 5000m, (d) 10000m, (e) 150000m.

Figure A.6 Lubricated wear track of AISI 1045 steel sample quenched in oil at 160 °C with
different sliding distance (Lubricant: Krytox), (a) 500m, (b) 1000m, (c) 5000m, (d)
10000m, (e) 150000m.
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